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ABSTRACT

Computer modelling of mixed age polyspecific broadleaf woodland in the
United Kingdom.

Michael J Spilsbury, New College.

A thesis submitted to the University of Oxford for the degree of Doctor of Philosophy, Michaelmas term 1990.

Commensurate with the increase in the planting rate of broadleaf species is the need to
investigate forest management that uses mixtures of species and ages. Reliable data for woodland
of this type is exceedingly rare and the need to advise managers is immediate. Management and

investment decisions can be examined with models of forest growth and economics.
PART 1 Forest growth models.

Many models have been reviewed and the most appropriate selected for further development.
This thesis concentrates on the improvement of distance independent individual tree models.

This is a modelling approach that is compatible with current knowledge and ideas in ecology.

Several general improvements have been made. New growth equations have been produced and
then calibrated to diameter increment data. Estimates for height prediction have been derived
from analysis of a large survey of trees. Competition has been represented by a new multiplier,
with a consequent improvement in the predicted diameter frequency distributions. The
prediction of biomass for a given quality of site was modified such that control is mediated by

measures of density dependence and biomass increment, via mortality.

Finally, the results from improved versions of the model were tested against the known change in
diameter frequency distribution for Meathop Wood in Cumbria. The result showed a promising

similarity, and the minor disparities appear to be linked to the modelling of regeneration.
PART 2 A forest economics model.

A new model to assess the relative profitability of a wide variety of management options has
been devised. The model is easy to operate and allows comparison for many differing financial
circumstances. It has been used for investigating the importance of major financial variables in
the selection of forestry investments. Research into changing fiscal incentives, *natural’

management, and ideal planting densities for oak have also been completed by use of the model.
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ABBREVIATIONS AND GLOSSARY OF TERMS.

Units.

m metres.

cm  centimetres.

mm millimetres.

yr years.

ha  hectares (10000 m?).

Common Parameters.

D diameter of a stem, usually at breast height.
dbh diameter at breast height (130 cm).

D Maximum recorded diameter for a species.
H  Maximum recorded height for a species.

G Species specific growth constant.

Log Common (base 10) logarithms.

Ln  Natural (base e) Logarithms.

Abbreviations.

BCR Benefit-Cost Ratio.

BLS Better Land Supplement.

BWGS Broadleaved Woodland Grant Scheme.

CAI Current Annual Increment (of a stand or a tree).
FGS Forestry Grant Scheme.

FWS Farm Woodland Scheme.

IBP International Biological Programme.

IRR Internal Rate of Return.

LEV Land Expectation Value.

LFA Less Favoured Area.

MAI Mean Annual Increment (of a stand or tree).
NPV Net Present Value.

NDR Net Discounted Revenue.

SAS Set-Aside Scheme.

WGS Woodland Grant Scheme.

Glossary.

Biomass.
The aboveground (except where otherwise specified) dry weight of biological
material, in this thesis usually referring to that produced by the tree component.

Climax.
Ecological term of limited meaning with regard to the development of a woodland
over time towards a ’stable end point’. A relatively undisturbed woodland.

Polyspecific broadleaved woodland.
A woodland with many hardwood tree species.

Program. _
A series of instructions in a computer language.

Systems analysis. o
A defined framework for investigative research (see Foreword).
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FOREWORD

(i) Scope of study

This thesis covers aspects of computer modelling within specific contexts of forest ecology and
forest economics. Various approaches to computer modelling have been examined and assessed
with respect to the defined objectives of their application. Studies relevant to the further
development of existing forest growth models, and the formulation of a novel forest economics

model have been completed.

Research into modelling forest ecosystems has been restricted to mixed age, mixed species
deciduous woodlands within the U.K. The main objective of this research was to obtain data and
to adapt appropriate existing computer models, describing functional ecological relationships for
mixed age, broadleaved polyspecific woodlands in the U.K. It is envisaged that this approach
will lead to the production a model of sufficient accuracy and reliability to enable its use for

investigating the management of a variety of forest systems in the U.K.

For investigations into woodland economics many forest management systems have been
considered. An ’economics’ model to facilitate the study of relative values and financial
attractiveness for U.K. forestry investment under different circumstances of grants and taxation

has been produced. Figure 1.1 shows a flow diagram of the research activities undertaken.
(if) Models and Systems Analysis: a definition.

Any form of computer simulation (modelling) should be approached within a formalised
framework. A working definition of the word ‘'model’ in all its uses is required, as is a formal

explanation of the framework applied in research of this type.

The Oxford English Dictionary defines a ’'model’ as; (i) "A summary, epitome or abstract....a
description of structure" (ii) "a representation of some existing structure...that is a likeness or
image of another....showing the proportions and arrangements of its component parts". The verb
to “model’ is defined; (i) "To present as a model or outline....to produce an expression of a

system....to make a tool".
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Figure 1.1. Flow diagram of research activities undertaken :n this thesis.
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Modelling, as applied to scientific research, involves representing the theoretical behaviour of
real phenomena as mathematical expressions. They are particularly useful in cases where real
time is inconvenient for practical experimentation or measurement, and in cases where
forecasting is desirable. Assmann (1970) states; "mathematical formularization offers great
advantages because it enables compressed statements to be made, and permits control over the
certainty of statements by means of statistical methods.” A model is collection of mathematical
equations and data that are manipulated, usually by means of a computer. Indeed, Vanclay
(1983) notes that the term model has only entered into common usage in forestry literature since

the application of computers to the problems of growth and yield prediction.

The accepted approach to the study of complex systems using computer models is known as
’systems analysis’. This is the orderly and logical organisation of data and information into
models, followed by the testing and exploration of such models necessary for their improvement.
The purpose of the model being to represent important aspects of the biological system, and to
highlight other important aspects requiring further study. Output from a model hopefully yields
some useful information not readily derived from consideration of factors individually, using the
computer to perform a large number of calculations in a minimum of time (Galea 1988). There
are several important steps in the systems analysis approach (adapted from Jeffers 1978, 1982):
(i) Recognition of the problem; or an interrelated network of problems. e.g. investigating species
dynamics in a forest over time, or studying the economics of forestry investments.

(ii) Definition and bounding the extent of the problem. Simplification of the problem into a form that
can be solved, avoiding the dangers of over-simplification.

(iii) Identification of a hierarchy of goals and objectives. Deciding the most important factors in the
proposed investigation. The core of the problem being tackled first, only being concerned with
desirable peripheral detail at a later stage.

(iv) Generation of solutions. Families of possible solutions are considered, there may be more than
one method of solution. One must select the most appropriate method to the problem in hand,
remembering that the assumptions forming the basis of solutions must fit the system being studied.

(v) Modelling. This is undertaken in the knowledge that many of the interrelationships will be
uncertain. e.g. feedback systems, the intensity of their effect and the thresholds for their initiation. 1t
should be remembered that the model is not an end to itself, but it is a formalised approximation,
through existing knowledge, to the reality of the system under study. The goal is to produce the most
accurate representation possible.
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(vi) Evaluation of the model output (verification and validation). Once the model is u.sable., assess
the sensitivity of the variables producing the results. The procedures for validation and verification may
alter the assumptions used to date, causing a reiteration through preceding stages.
(vii) Implementation of the results. The application of a model to different situations can })e
attempted, however all predictions should be validated. Successful attempts at disproving the validity
of the model cause further reiteration. Failure to disprove adds further credence to the model.
The systems analysis framework of study has been adopted throughout the course of this
research. In essence it should be regarded as an aid to research designed to encourage frequent
assessment of research activity with reference to the objectives of study. Inevitably, the success
of a research project is seldom the result of a linear progression from one stage to the next, many

"blind alleys’ are encountered. The systems analysis framework often assists in early

identification of fruitless paths of study.

Chapter 1 applies this research methodology in the selection of a suitable model for the

modelling of mixed age polyspecific broadleaved woodland in the U K.
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PART 1.

CHAPTER 1. Forest ecology and modelling.

‘Employ your time
improving yourself by
other mens writings; so

you shall come easily by
what others have laboured
hard for.’

Socrates.

1.1 Introduction

This chapter serves the purpose of a literature review, whilst identifying suitable approaches to

modelling mixed-age mixed species, broadleaf woodlands.

In general terms ecology is concerned with the study of biological systems (often defined as
communities, or more broadly as ecosystems) and the processes that influence them. Tansley
(1935) defined an ecosystem (a fundamental concept) as "A system resulting from the integration
of all living and non-living factors of the environment". The ecology of a system can be

considered over many spatial and temporal scales.

Modelling of uneven-aged mixed species forest has been neglected, when compared to the vast
number of studies carried out on even-aged plantations. Vanclay (op. cit) reports; "There is an
extremely limited amount of information available on modelling techniques for uneven-aged
polyspecific forest stands", whilst Miles (1979) comments "There is a need to be able to model

vegetation change as a tool in the use, management and sustaining of biological resources."

Application of the systems analysis approach as a framework for the study of managed
(predominantly deciduous) woodland in the U.K., demands an understanding of the important
factors and interrelationships within such systems. This understanding is necessary in order to

find the best approach to the investigation of the development of woodland in relation to the
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stated objectives of simulating management strategies in such woodlands. Good managerial
practice must be based on sound knowledge of the governing ecological processes, and models
designed to simulate woodland development or successional change must adequately describe
the fundamental ecological processes that are of relevance for this purpose. However, the
potential usefulness of any ecological model with respect to forest management will depend upon
its theoretical basis and the modelling assumptions. Contemporary ideas regarding the theoretical

basis of forest ecology must therefore be examined.
1.2 Historical background to forest ecology

Historically, discussion of the important factors influencing the development of forests has been
an area of particular interest. Ecology is a relatively young science and much of the early work
was largely of a descriptive or purely theoretical nature, centred on the classification or
categorisation of ecosystems and the natural histories of the species residing within them. Much
discussion concerning the ecology of vegetation has been centred upon the phenomenon of
species succession (the change in the vegetational species composition of an area with respect to
time). Spurr (1952) cites qualitative studies of European forest succession by Hundeshagen as
early as 1830 and by Gand in 1840 but credits the first use of the phrase "forest succession" to
Thoreau in 1860. The study of successional change has promoted a scientific argument that has
developed during the twentieth century classically involving two general schools of thought.
The holistic view put forward by Clements (1916, 1936) and the individualistic view proposed

by Gleason (1917, 1927, 1939).

Understanding the ecological processes that drive patterns of forest development and species
change, whether successional or not, is fundamental to the construction of a model for mixed-
age, mixed-species forest growth. A model should, therefore, reflect the state of current
knowledge, with observed ecological processes fitting the theoretical paradigm. The correct
theoretical approach for encompassing the dynamic character of forested systems should be

clarified.
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1.2.1 The holistic conception of succession.

The holistic view emphasises the generality of successional changes in various ecosystems
irrespective of the individual characteristics of the organisms comprising the ecosystem.
Clements (op. cit.) saw successional change as a deterministic, irreversible, unidirectional
progression through a series of stages (seres) to an end point known as the ’climax community’
or 'monoclimax’ (sometimes interrupted by natural disturbance to restart the process). Clements
also held that successional change was driven by site modification (plant species altering the
environment allowing other species to dominate). This view has been much criticised and Miles
et al. (1988) write "His [Clements] speculative theory was fatally flawed from the outset, and has
been criticised often and in detail, yet his influence on the development of plant ecology was
profound”. A modification of this viewpoint, developed from Nichols (1923), is termed
‘polyclimax succession’ with species change thought to progress towards a ’climax’ but the

precise nature of this ’climax’ varying with specific biotic and environmental conditions.
1.2.2 The individualistic conception of succession.

The individualist view, developed from the work of Gleason (1937), stresses the importance of
the individual characteristics of organisms within communities and how these relate to observed
patterns which may (or may not) be successional. For example a successional sequence would be
described in terms of the differing ’strategies’ of individuals, as a result of an evolutionary
selection pressure. Trorey (1932) seems to have considerable insight, commenting at the end of a
paper on height prediction from equations based on diameter (for practical forestry purposes);
"These mathematical relations present climax and tolerance in an interesting light, and when
worked out for other species [than fir and spruce] may be an aid in predicting changes in future
growth of mixed immature forest with respect to percentage of species”. This insight forms the
basis of the study of successional change, and highlights an approach adopted in many

contemporary forest development models.
1.3 Successional climax or gap-phase dynamics?

The heterogeneity of the vegetational composition of ’natural’ forests is a frequently cited
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observation (Oldeman 1978, Spurr and Barnes 1973, 1980, Bormann and Likens 1979), and the
study of this heterogeneity over time can be described as gap-phase dynamics. Watt (1947) used
the term ’gap’ to refer to a site where a canopy individual has died and active regeneration of
new individuals occurs. This terminology has subsequently entered into common usage in

ecology and is no longer restricted to forest ecology, (Pickett and White 1985).

The individualistic theory is most likely to provide the approach best suited to computer
modelling of forest ecology. One of the main problems with the application of the holistic
approach to the development of forest ecosystems is the notion of ’climax community’, a stable
end point in a successional sequence, which has properties of self-maintenance. The ’climax’
concept does not lend itself easily to the study of the dynamics of a forest system, even if the
original assumptions of long-term stability are removed. This is demonstrable by simple

theoretical consideration of commonly observed phenomena in forest dynamics.

Consider a large scale disturbance to a forest by a fire or a hurricane. This can effectively clear a
large area of land which may then be recolonised, perhaps by a fast growing (pioneer) tree
species (creating a near uniform age structure), slower growing longer-lived shade tolerant trees
may, in time, grow up through the existing canopy and overshadow their fast growing intolerant

competitors (successional change or forest development).

There is no difficulty applying either the holistic or individualistic theories up to this point. But if
we consider the death of a dominant canopy tree from this stand, a *gap’ is produced. Gaps in
the forest canopy may be colonised by a fast growing short-lived, shade intolerant species
(assuming a seed source), thereby leading to a ‘mosaic’ type of forest with different stages of
development or succession in the gaps. The application of the holistic view of forest dynamics,
especially with regard to successional change, becomes problematical because it is impossible to
define the spatial and temporal scales over which the processes leading to the "climax’ are acting.
The idea that the ’climax’ vegetation has a self perpetuating stability would require a definition
of the spatial and temporal scales over which stability of the system would be expected. If the

holistic approach is used as the fundamental concept, the heterogeneity expected within the



CHAPTER 1
PAGE 9

forested system (via gap-phase dynamics) is not readily incorporated.

The present consensus is that species of all types are always adapting to change in the
environment. Slowly changing Quaternary climates are an example of a driving force for
adaptive change (evolution) and the idea that a particular environment has a predetermined stable
conformation of species is not tenable, especially if the stochastic nature of frequency and scale
of disturbance (endogenous / exogenous mortality) and species regeneration are also considered.
"Succession does not necessarily require the progressive development to a ’climax’ or mature

state” (Shugart 1984).

These ideas together with more detailed understanding of the influence of disturbance upon
forested systems have led to the study of the dynamics of these systems. "Convergent
undisturbed succession is not normally found in nature" (Horn 1979). However it has been
recorded at some sites, one early example of directional succession is provided by the
colonisation of glacial spoil in North America (Cooper 1939, Lawrence 1958); other forested
environments may have a ’sub-climax’ stability in that the species are adapted to frequent
disturbance by forest fires (Gray et al. 1987), some species require the high temperatures of a
forest fire to allow germination of seeds held in resinous cones (e.g. Pinus radiata, Pinus
banksiana) and are often found as natural monocultures. This is an illustration of the point that
succession is not a universal phenomenon of forested systems but such systems are invariably

dynamic. Long-term stability in vegetation is the exception rather than the rule.

"The individualistic school of forest succession is probably the dominant view of succession at
present” (Shugart op. cit). It could be argued that it is the only tenable viewpoint since natural
selection acts directly on individuals (or more correctly genes) within populations and certainly
not on assemblages of individuals (Dawkins 1976), and this theoretical treatment is the only one
to concur with current ideas in evolutionary biology. It is also an approach easily applied to the
framework of study as defined by systems analysis. The individualist concept of forest dynamics
is therefore recommended and will be applied to the aims of this research; investigating the
fundamental factors in forest development and utilization of the knowledge gained to determine

the consequences for a variety of forest management practices.
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1.4 Systems analysis and forest ecology.

The properties of ecosystems or vegetation are of great interest to managers of such
environments. Consideration of the basic ecology of dynamic forest systems is important in
determining the approach taken towards modelling such systems. We can conclude that for

theoretical consideration of gap-phase dynamics the individualist concept is the most useful.

(i) In the first step of the systems analysis framework the problem is identified as understanding
the relative importance of biotic and abiotic factors affecting the growth of individuals of

differing species and sizes/ages, and the relationship to the growth of other individuals.

(ii) Step two of the framework requires the definition of the spatial and temporal scales suitable
for modelling, whilst encouraging the simplification, but not over-simplification, of other
dynamic properties of the system. The most obvious simplification of reality, is to represent its
constituent parts by means of numbers and mathematical expressions, these are related to one
another in later stages (iv and v) of the systems analysis framework. In a forest ecosystem the
main concern is to keep track of the processes of regeneration, growth and death of the woody
primary producers. A justifiable simplification, for example, would be to ignore consideration of
forest floor shrubs (if the primary interest is the perennial woody component). Another example
could be determining net decomposition rates without consideration of the population levels of
decomposers. If the objective is to capture the essentials of the dynamic processes within the
system then choosing a sensible time scale for the measurement and prediction of change is
important. Clearly one second is so short that the only measurable changes would be on a
molecular scale, conversely if an interval of fifty years is chosen then so much change will have
taken place that regeneration growth and death of many individuals will be missed entirely. In
many models of temperate forests an interval of one year is chosen, this has the added
convenience that seasonal patterns will be averaged, and repeated over this period. Tropical
forests, on the other hand, may benefit from consideration of shorter time intervals for a forest
dynamics model, due to faster growth and nutrient cycling rates. Aseasonality may also simplify

the treatment of climatological factors in tropical regions.
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Choosing the scale of the modelled area of the forest is of great importance. Too large a
modelled area may demand prodigious computational power with no consequent improvement
in the accuracy of predictions, however the chosen area must be of sufficient size to enable the
effects of gap-phase dynamics to be perceived. Simplification can be achieved in a variety of
ways, for example by the definition of species specific parameters. If the salient species
characteristics are generalised, this will have the effect of eliminating intraspecific variation
between individuals (genotype is assumed to be uniform), without prejudicing the possible
significance of intraspecific competition between individuals (mediated through different

phenotypes e.g. size of the individual).

(iii) The third step in the systems analysis framework, defining goals and objectives, must be to
predict accurately the development of a section of forest over time whilst supplying a minimum
of information. The predictions should be useful both in terms of understanciing the ecology of
the system and producing useful quantitative information, whilst also highlighting important
factors requiring further study. The ideal is a model that can be used for predicting the effects of
alternative management strategies of deciduous and mixed woodland of all types. A model that
can cope with mixed age and mixed species should also be capable of dealing with even-aged or
single species woodland management systems, but is likely to lack the computational efficiency
of a model designed specifically for more uniform stands. Indeed, the modelling of even aged
stands with such a model may provide a good test of the assumptions when results are compared
to the growth data available, or to the output of forest growth models designed specifically for

this purpose.

(iv) The identification of families of possible solutions. There have been many forest growth
models but few approaches are suitable for the objectives of this study; namely a model that
utilizes ecological relationships of individual trees with their environment and each other in order

to predict the development of mixed woodland of even or uneven ages.

a
(v) Construction of computer models can be achieved by the use of wide variety of computers,

computer languages, and the development of many differing algorithms.



CHAPTER 1
PAGE 12

(vi) Shortcomings illuminated by testing the model or its components, (stage vi) may demand
the need for complete reiteration of the framework, re-evaluating the problem at every stage.

More simply, testing may indicate the need for modified programming or parameter values.

(vii) Finally, the completed model is implemented with the results compared to the initial
objectives, (stage vii). Any shortcomings again prompt a reiteration through the stages of the
framework. Systems analysis is not, therefore, a rigidly applied *formula’, but a flexible guideline

to encourage the construction of a useful model that matches the objectives.
1.5 Classification of types of forest models.

Examination of different types of model is necessary in order to select the most appropriate
approach for modelling mixed deciduous woodlands in the U.K. Suitable existing models are

identified in this section and are later modified to suit the objectives of this study.

The ’fundamental modelling unit’ (Munro 1974) has been employed as the basis for the
classification of forest growth models. The models have been further grouped with respect to

their objectives and the methods employed in their algorithms.

Contingent with all of the theoretical considerations is the realisation of the limitations of any
model. Dale et al. (1986) comment "No model will ever predict all of the forest attributes
precisely due to the complexity and variability of ecological factors affecting tree growth. The
best models will explain the variation from the data and be appropriate for the questions at hand

whether they relate to forest management or ecological succession”.
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Table 1.1. A classification of selected published growth models and references, (from Adlard,
Spilsbury and Whitmore 1988).

Model type:- Whole stand Stand class Individual tree
Row/Column A B C
Approaches 1 Descriptive Stand tables Distance dependent

2 Mensurational Distributions Distance independent

3 Physiological Representative tree Gap dynamics

4 Ecological Physiological
Objectives 5 Description Description Description

6 Growth forecast Growth prediction Ecological research

7 Global models:- Yield prediction Predict succession

8 (biological) Regional/local plan Monitor growth

9 (economic) (silviculture) Predict environmental

10 Monitor environment (management) impacts

11 Regional planning  (economics) (disease)

12 Predict succession (air pollution)
Variables 13 Basal area Size class Diameter

14 Dominant height (diameter) Height

15 Stand density (height) Crown percentage

16 Canopy structure Species Crown area

17 Leaf area Age (cohort) Growing space

18 Near neighbours
Methods 19 Regression Stand table estimate Growth equation

20 Growth functions Transition matrices (max growth of spp.)

21 Empirical equations Growth modifiers

22 Simultaneous equations light attenuation)

23 Differential equations (temperature)

24 Distribution functions (nutrients available)
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Table 1.2. References associated with Table 1.1 by row and column.

Row/Column Author Date
A2/B23 LEATY .cvvieieiiecreeneerreeseeneeetcs et s et r e anes 1979
Al CIULET ..coeeeeeeceee et eecereeteaeeesensananesesenssesses 1963
A4 Detwiler and Hall.........coovvvvueeieeiininnreeeeecnnne 1980
B2 Campbell ez al. ........coeeevevvvvinciiniiiniennanannn. 1979
B3 USDA .....eeeeeeeeccrsavsreeseseeeeeesersssraseeeses 1979
B6 Hahn and RO .....ccooovvrvrivrniviiicieeieeeerereeeenens 1979
B6/7 Daniels and Burkhart ............ooeveiveeveeieenineneeen 1988
B7 | 3 1 10:00) ¢ AUUT U U URSPUPOPRRRRPN 1913
C1 MILChEIL ... eeeeeeeee ettt eesrerrreeeereeereeaanne 1975
C1/C19/C20 Ek and Monserud ......c..coevvveeeerivivneevennneceneenens 1974
C2 ALET et vvaaeans 1977
C2/C8 Rennolls and Blackwell ...........cooveevivvnvnvnnnnn. 1986
C3 BOtKin €2 @l......ocooeeveeeeeeeeeeeiiiiienererenenensanes 1972
C3/Cl11 Shugart and West .........ccoeeeeveerveeenerneennncnnnnns 1977
Cé6 Pastor and POSt......cccuuueeeeviieirminiiiieeeerrnenneens 1985
C7 Dale and HemsStrom ..........oeoevvevvvrveeerencieeeennn 1984
9 Dale and Gardner.......cocooeeeevvvvvieeeeeneveniisieeennne 1987
B23 Shugart ez al. ......ccceooeeeenceeniviciiieicneneenn 1973
B15 Monserud and EK .......uouveveieiiviiniiiiiiieeennnennnnn. 1977
B14 Campbell......coocveeiiiieciniirecerere e 1981
B19 Whalenburg......cccceevuriiveeennenrsinnieenneeecneenenee 1941
B20 Bruner and MOSET ....cooeeeeveveeiiiiiieeeerenernnns 1973
B20 |81 11 O RRURORRRRRNt 1966
B20 Michie and McCandless........cccceevereeirieiieereenns 1986
B21 Grimes and Pegg......cccceoveeeviinvinniininicceneens 1979
B21 B ettt ettt esss et e ae e s 1974
B21 REVIILA .ottt ceeeeeee e eeceeesssnanne 1981
B22 LEaTY vviireteeeieetenrtesree ittt e e 1970
B22 % (0115 SO U PR 1974

For further references see Dudek and Ek (1980) and Ek ef al. (1988a and b).
1.5.1 Whole stand models.

These types of models are usually developed from data describing stand growth. For example,
they may be developed to estimate increases in volume or basal area for different species under
different conditions of management and stocking. Yield tables have been used in European
forest management since 1787 (Vuokila 1965, in Vanclay 1983) and can be regarded as simple
’models’ in that they predict future yields. Standard Forestry Commission yield tables (Hamilton
and Christie 1971) are simple growth curves for different species growing at different rates (to
account for site and, presumably, genotype variability), a standard spacing and management

regime is assumed. Updated yield tables (Edwards and Christie 1981) allow for variable stocking
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and thinning levels. Both the above provide information on yield in terms of volume production
and give information on mean stand parameters such as diameter, height, numbers of stems,
mean annual increment and current annual increment (mean periodic increment) for different

stand ages.

The foremost limitation of a yield table is the restriction to even-aged stands of known age and,

additionally, predetermined management assumptions.

A variety of approaches to stand models have been developed including growth and yield
equations of both an empirical and a theoretical character. Growth equations have greater
flexibility as they can be modified at different points in the development of a forest crop to
account for changes in management. Clutter (1963) produced an empirical yield equation and its

first derivative, a growth equation;

LnV =b,+b,S +b,(LnB) + b,A"
The first derivative of this with respect to age being;
dVv = b2VB'1(@) - b3VA‘2

dA dA
Where; A = Age, S= Site Index, B = Basal area LnV = Log Volume.

For the purposes of modelling mixed species and ages in the same stand it is reasonable to
eliminate the stand model approach (analogous to applying a holistic theory of forest dynamics)
from the range of potential solutions considered at stage (iv) in the systems analysis approach.
This is due to the inflexibility of this approach in accounting for the different components of size,

age and species in a stand, and other factors affecting their growth and management.
1.5.2 Stand class models.

Stand class models are a further sub-division of the stand model classification. This type of
model uses a class of trees as the fundamental modelling unit. The division is usually made in

some size parameter for a tree growth model, most commonly diameter. However species, or
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forest type can also serve to define the different classes within a stand. Models have been
developed to predict forest growth and yield, economics and successional sequences. For cited

examples refer to Tables 1.1 and 1.2.

The stand class model approach offers greater flexibility since any aspect of the stand may be
partitioned according to the objectives of study. It is appropriate to consider a few highly
selective examples to illustrate the advantages and shortcomings (steps v and vi) of the stand

class approach to modelling woodland development with respect to the objectives of this study.

Stand modelling and stand class modelling are often associated with volume prediction in
commercial forests, and there are many examples of this. But it has also been used as an

approach to the modelling of succession.
There are a number of possible methods in constructing stand class models such as:

(i) Differential difference equations.

(i1)) Markov/Leslie/Usher Transition matrices.
(ii1) Distribution functions.

(iv) Empirical equations.

(v) Stand table projection.

Some of these approaches have been used for growth modelling in a uniform stand and for
modelling species change over time in a 'natural’ unmanaged (ie. mixed-age, mixed species)
forests. Examples from the first two categories are discussed here to illustrate the limitations of
stand and stand class approaches. For a detailed review of a large number of growth and yield

models, including (i)-(v) above, refer to Fries (1974) and Vanclay (1983).
1.5.2.1 Differential difference equations.

Shugart’s model (1973) represents a regional succession by a number of stand trajectories
through a species/density "hyperspace’ (Figure 1.2.). The relative frequencies of the species

determine the boundaries of each ’cover state’ (stand class). A cover state is a defined
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Figure 1.3. A diagram to represent transition probabilities between
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1.5.2.2.)
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assemblage of species representing different stages of forest development in a directional

successional sequence.

SPECIES Birch = Ash = Hemlock
COVER STATE 1 2 3
X Xy X,

To describe succession in this system a series of differential equations representing species

change are set up.

dx, =F, - C x,

dt

dx, = C,x, - Cppx,
dt

dx, =C,x
el

The frequencies are determined by the differential equations expressing transfers of numbers of

individuals between cover states. Where;

i 1
a.

3y
and; a; = The time taken for 63 per cent of cover state "1’ to change to cover state ’j’. F, is a

constant expressing the colonisation by birch (in this example).

Transfer parameters are determined from field data and the model is then used to predict species
change in the future. This is the simplest system in Shugart’s model. He considered several
different cover states in addition, all of which interact with one another by further series of

differential equations.

Leary (1970) uses a similar set of differential equations to investigate the productivity of a
hardwood forest system in the USA. The size attribute selected for defining the stand class was
based on diameter. The system of equations was solved by simultaneous methods using
boundary values between classes; Moser (1974) presents a more comprehensive model, again
creating artificial stand classes by the categorisation of diameter values. Numbers of trees in the

diameter classes are projected through time, based on recurrent inventory of permanent sample
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plots (1926-1931). Differential difference equations are constructed to model basal area
increases, volume increases, and mortality of trees for all-aged northern hardwood stands. For

example the volume equation for the largest diameters (stand class 6) would be;
Yo3= Yealty) + Ygg- Yoo + Y
Where; Y, = Volume of the stand class 6 trees at any time providing t 2 0.

t = An initial time.

0

Y, = Volume of the ingrowth trees into the stand class.

Yoo = Volume of the mortality trees.

Y, = Cumulative volume growth of the Y, | trees in the time interval t - t .
(Yi’1 = No of trees in stand class i at given instant.)

Moser (1974)

Problems with this approach to forest modelling are; (i) It relies on classification of forest types
into cover states or size classes, this is almost always an arbitrary division of a continuum. (ii) It
assumes a uniform change across the entire forest. This may be useful for general predictions,
but tells us nothing about the causal factors behind any trends of species replacement or tree
growth. (iii) Models are deterministic and will always produce the same output. This is in
contrast to the processes of mortality and regeneration acting on individual trees, known to be
highly stochastic. (iv) It is limited to generating information relating to the defined variable only,
and (v), there is only limited flexibility for application to forest management practices, nor (vi)
does it relate any ’tree parameters’ to environmental factors affecting forest dynamics. In fairness
to the authors the above examples were never intended for anything other than predicting species
replacement, or stand development over large areas. These limitations, however, restrict the
wider application of stand class models and make them wholly unsuited to the modelling of gap-

phase dynamics.
1.5.2.2 Matrix models.

Matrices containing probability estimates for changes between predetermined states can be
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constructed and used as the basis of a model to predict change over time. Such matrices are
described as transition matrices. These are constructed by observing the frequency with which a
system moves from state i to state j in a set time interval. A transition matrix is made up of row
vectors, each row vector consists of all the probabilities of change to other states. All states of the
system are usually defined and therefore the probabilities in each row of the matrix will sum to
one. The assumptions that have to be made in order to use this technique for making future
predictions concerning a system are; (i) The probabilities of future events must depend only on

the initial state, (ii) these probabilities remain constant over time.

Markov matrices and Markov chains are the general terms often used to describe this application
of matrix and probability theory. A Markov chain is the successive application of a transition
matrix to information concerning the initial condition of (sa;rstem, generating a ’chain’ of states
through which (it is envisaged) a system will pass. A particular use of matrices, known as Leslie
matrices, has arisen in biology to cope with animal population studies. The transition matrix

describes three fundamental processes governing the behaviour of populations; growth,

fecundity, and mortality. This approach has been applied to forest modelling.

an

Tucker and Fitter (1981) present a simple model to predict a successional sequence in area of
woodland near York using a matrix approach. X,Y and Z are defined as species or cover states.
A ’state vector’ [x,y,z] is derived from field data. This vector holds the number of individuals of
each species or cover state. Similarly from observed data of species change within an
environment a matrix of transition probabilities is derived. The matrix of transition probabilities

associated with Figure 1.3 (page 17) can be produced;

03 05 02
M= 02 07 0.1
0.05 0.05 09

The state vector m =[x y z] at time . Attime , the state vector m , =m .M. Thus at time 2

the state vector m .

,=m_ M=mMM-= mt.Mz. Hence the state vector at time, =m . = ml.Mk.

k t+k

Another matrix relationship can be described by the equation;

M.m =+vy.m
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Where; Y= a constant known as the Eigenvalue or latent root of the matrix M.

Usher (1966,1967) uses Markovian probabilities to simulate growth in a Scots pine mixed age
selection forest (with no definite regeneration phase) using a modified Leslie matrix approach.
The modification specifies that progression between different classes defined in the system can
only occur between one class and the next, e.g. different sizes of individuals growing in a stand
can only progress by transition through each defined size class. The time interval between
projections, must be selected such that this assumption will represent the actual system i.e.
growth between projections will not exceed the defined limit of the next size class. This
assumption is termed "the Usher assumption" by Vanclay (1983) and has been used in many
subsequent models. A tree in any one defined class can either remain in that size class during the
period over which the matrix operates, or can progress into a larger size class. In Usher’s model
the size classes are defined by diameter and the period of growth projection for the matrix is six

years.

A simple version of the model (Usher 1967) was intended for teaching purposes, but will serve
for the purposes of demonstration. From field data it was determined that 30 per cent of small
pole trees become large pole trees, 40 per cent of the large pole trees become small timber and 75
per cent of the small timber trees are exploited. A gap produced by death or removal of a large
pole tree would be filled by 4 small pole trees and a gap from a small timber tree would be filled

by 12 small pole trees.

0.7 4¢y-D12(y-0.75) p YP
03 06 O q = Yq
0 04 025 r Yr

The matrix contains three rows and three columns and has three possible solutions for the latent
column vector (p,q,r) and the latent root v, derived from the equation involving y described
above. Only one of the three solutions produce’a positive value for the number of trees present
and the number of trees harvested at any given time. The 1966 model is more complex and was
used to determine the best size (age) structure for sustained maximum production from a Scots

pine selection forest. More recent examples of the matrix approach applied to forest development
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and management problems include; Bruner and Moser (1973), Buongiorno and Michie (1980),

Harrison and Michie (1985), Michie and McCandless (1986).

The advantage of this type of model is that it requires very little data to obtain a prediction of the
successional changes or growth of a stand. However, its greatest weakness is that it is based on
the premise that the transition probabilities that drive the growth or successional change remain
constant over time (from the initial state onwards) and, as a stand model, has to assume spatial
uniformity and homogeneity of the environment. These are very major assumptions and constant
transition probabilities make the model wholly deterministic (despite the fact that it uses
probabilities). The model is limited to showing facets of the dynamic forest ecosystem in holistic
manner. The probabilities used describe the ’net’ effect of environmental factors on the aspects
of the system that are modelled. The form of solution likely to yield more information
concerning the primary ecological processes, and for modelling of mixed-age, mixed species
forests will be based on individualist (individual tree) principles. This approach will be examined

in more detail.
1.5.3 Individual tree models

These models can be classified according to the approach used to model the growth of an

individual tree and its relationship to its immediate neighbours.

(i) Physiological models.
(i) Distance dependent models.

(iii) Distance independent models (gap models).

Shugart (1984) presents a classification of growth models and makes a distinction between
individual tree models and ’gap models’, the distinction being that a gap model simulates tree
regeneration, growth and mortality on a small plot. However, the individual tree remains the

fundamental modelling unit in a’ gap model’.
1.5.3.1 Physiological models.

Physiological models can cover a wide range of approaches from detailed modelling of
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fundamental physiological processes (integrating them to simulate growth), to a more simplistic

approach e.g. separating a tree into the components; crown, stem and roots.

Physiological individual tree models represent the ideal goal of being able to represent the
response of an individual tree to all environmental factors, on any site. The problems with this
approach are that many of the fundamental relationships between physiology and the external
environment remain unknown, especially when the levels of the various environmental factors
are considered in combination with the genetic variability of individuals. Even if all the
relationships were known, the amount of data and the computing power required to run such a
model would be prohibitive. Physiological models will be important for research and
development in the future, especially as computer hardware becomes more advanced. However,
the main limitation will remain the availability of data to construct and verify such models.
Harrison and Ineson (1988) comment "this problem is particularly relevant to work in the U.K.
for there are only two mixed deciduous woodland sites for which there are sufficient information

on tree productivity, soil and nutrient cycling data, for modelling and some degree of validation".
1.5.3.2 Distance dependent models.

Distance dependent individual tree models utilize competitive interactions between individual
trees to a significant extent. All models of this type simulate growth by assuming that the rate of
growth is inversely proportional to the degree of competition for various resources. The
limitations to growth are assumed to decrease as a function of increasing radial distance. Fries
(1974) regards Newnham’s model (1964) to be the first of this sort, and the basis for much of the
subsequent work. The underlying assumptions are (i) that a maximum growth rate is represented
by an open grown tree, (ii) decrease in growth rate from this maximum is proportional to the
intensity of competition and (iii) mortality occurs when diameter increment falls below a critical

threshold level.

Perhaps the most elaborate model of this type is FOREST (Ek and Monserud 1974). The input
required is a set of tree co-ordinates, and associated individual tree characteristics (height,

diameter, age, species, bole length). Trees are then ’grown’ over set projection periods to a
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maximum potential growth rate which is then reduced by an index of competition. The
competition index is based on relative size, crowding and shade tolerance. Processes of mortality
and regeneration in the model can be manipulated to simulate forestry management practices.
The model makes use of spatial data for calculation of competition indices and therefore the
potential effect of any tree upon any other must be defined. This is achieved by delimiting ’zones
of influence’ for each tree and calculating the potential overlap of such a spatial configuration of
tree canopies. The FOREST model also has methods to reduce bias favouring increased growth

due to edge effects, these are not included in the original work by Newnham.

Problems with the distance dependent model are that specific spatial data from stands, ideally
with many years of remeasurement, are required in the processes of development and
validation/verification. Noble ( pers. comm. 1987) stresses that distance dependent models do
not greatly improve the accuracy of predictions compared to similar distance independent
individual tree models. However, were such detailed continuous forest inventory available this

contention could be more thoroughly tested.
1.5.3.3 Distance independent tree models (gap models).

The major difference between this approach and that described in section 1.5.3.2. is that the

spatial distribution of individual trees is not simulated within these models.

Perhaps the most successful example of this approach to the modelling of the forest ecosystem
was pioneered by Botkin ez al. (1972) who developed the JABOWA model. It has been a highly
successful approach and many derivatives of the original model have been applied to many
different forest environments, for example by Shugart and West [FORET] (1977), Aber and
Melillo [FORTNITE] (1978), Shugart and Noble [BRIND] (1981) to name but a few.
Interactions within the system are developed from a consideration of the processes of the growth,
death and regeneration of individual trees. The theoretical basis for this type of model is the
individualistic school of ecological thought. This approach to modelling offers the greatest
flexibility for development for a large number of applications and forest types including mixed-

aged and mixed species.
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This classification of model was adopted for further study on the basis that it conforms with
theoretical considerations, whilst not demanding the specific spatial data from comprehensive
recurrent inventory required by distance dependent models. Such inventory data does not exist
for mixed age polyspecific broadleaved woodlands in the U.K. The use of distance independent

models circumvents this limitation.
1.6 Components of the original gap model.

Having selected the most appropriate modelling approach, the general form of these models
require’ discussion in order to highlight components of the model that require modification

through further research.

Botkin’s model (1972) simulates the dynamics of forest gaps by following a plot of individuals
through time. It will, for example, show a flush of regeneration on the forest floor after the death
of an upper canopy dominant. The original model was based on experiments and data collected
from the International Biological Programme (IBP) studies at the Hubbard-Brook ecosystem site
in north-eastern USA (Reichle 1981). The form of the computer program is a ’current
accounting’ system that holds data describing each individual tree in memory. The ’accounts’ are
updated when the processes of growth, death and regeneration have been modelled in any one
year for every tree. Thus the forest plot will show growth, death and regeneration in the
computer, and all modelled facets of the system can be followed over time (which is greatly

accelerated by the computer).

Since many models have been derived from the original formulated by Botkin ez al. (op. cit.) this

model will be considered in detail.
1.6.1 Overview of the JABOWA model.

Tree species within the JABOWA model are defined by a variety of parameters, for example;
maximum age, maximum diameter, temperature limits to growth, maximum-age-and shade
tolerance. A relationship between diameter and leaf weight is also defined as well as a

photosynthetic rate in response to available light. All these are scaled by a growth constant *G’
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designed to match the annual increment of the maximum observed growth rate for a particular
species. This growth parameter is chosen so that the tree height reaches 2/3 of its maximum at
half the maximum age of the species. "Species strategy is invoked by species specific survival
probabilities of the shaded sapling in relation to light on the forest floor. Also, because of
maximum age any individual will have a greater chance of survival to the next year if it is a long-
lived species” (Botkin ez al., op. cit.). The model is set up so that the probability of an individual
surviving to the maximum age and diameter for the species is very low, i.e. mortality is an

empirical probability function.
1.6.2 The growth equation.

This will be dealt with in great detail in chapters 2 and 3. In essence, the growth of trees on a
JABOWA modelled plot is approached by calculating the increment of each individual stem. The

growth of each stem is dependent upon its species and size.

dt D H

m

dD*H)=GD"| 1-DH

Where; D = dbh, H = height, G, Dm and Hm are species constants.

The silvicultural characteristics of each species are defined, and are set to represent maximum

growth rates.
1.6.3 Multipliers to the growth equation.

Growth conditions for an individual are seldom optimum and, for this reason there are a series of
multipliers associated with the growth equation. All of the growth multipliers are scaled between
0 and 1 and represent the decrease in growth from the optimum rate allowed. For example a
growth multiplier of 0.5 would halve the existing growth rate. Growth multipliers are applied for
parameters such as available light, temperature and the intensity of competition.

These multipliers are all included in the original growth equation (Botkin et al. 1972);
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dt DI

dD= GD ( 1-D.H j 1(AL).T(DEGD).S(BAR)
D H

274 + 3b,D - 4b,D?

Where; r(AL) represents the effect of shading of an individual, the shade tolerance of the species
and the level of incident sunlight. TMEGD) considers the climatological effect on the species by
the relationship between the geographical distribution of the species and annual temperature
variations. S(BAR) is an index of the maximum biomass sustainable by the site and is used to
indicate the degree of competition experienced by an individual tree. Each of these multipliers

will be considered in greater detail.
1.6.3.1 Light attenuation.

To simulate light attenuation through the canopy, all the trees on the simulated plot are ordered
by height, and light is assumed to pass through each successive canopy. No spatial
considerations other than the two dimensions are used. The canopy of each individual is
represented by a single layer (area) of leaves over the plot. This is for easy calculation of light
interception. Radiant light energy is assumed to attenuate through the canopy following Beer’s

law. Given the incident sunlight and the leaf area the light extinction can be calculated from:-

O

Q(h) = Q_exp.-k JLA(h’).d(h’)

h

where; LA(h’) = Distribution of leaf area as a function of height, Q_ = Incident radiation, Q(h) =

Radiation at height h, and k = Light extinction coefficient.

This is approximated by summation of the leaf areas of trees taller than the ’object’ tree.

AL = PHI.C-k'SLA
Where; AL = Available light for a given tree, SLA = Shading leaf area, from Zweight = CD?,
PHI = Annual insolation and k = the Extinction coefficient. The reduction in growth associated

with shading is denoted r(AL).
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r(AL) =2.24 ( 1- exp.(-l.136(AL-0.08))j
t

Where; r (AL) = Representation of photosynthesis rates for shade tolerant species and r(AL) =

Representation of photosynthesis rates for shade intolerant species

The equations expressing photosynthesis curves fit observed data from the Hubbard-Brook study
and are scaled to give values between 0 and 1. There are physiological and morphological
reasons for *shade tolerance’. Kozlowski (1960 in Shugart 1984) states "[Tolerance is the]
capacity to endure shade. A tree which reaches maximum photosynthesis at relatively low light
intensity is tolerant, while one whose rate of photosynthesis continues to increase with each
added increment up to full sun is considered intolerant". Clearly a combination of the geometry
and the physiological response to light determine the tolerance to shade of tree species. The
above functions for light attenuation in a forest canopy are for forests in the east of the U.S.A.

and verification/validation of similar canopy properties is required for adaptation of the model to

conditions found in the U.K.
1.6.3.2 Temperature response (species limits).

The temperature multiplier assumes that each species will have an optimum temperature for
maximising the rate of photosynthesis, and that rates will decline symmetrically on either side of
the optimum. The temperature function is parabolic and is expressed in growing degree days set

at a base temperature of 40° F (for JABOWA).

T(DEGD) = 4(DEGD-DEGD_.).(DEGD__ -DEGD)

(DEGD__ - DEGD__ )

DEGD is an annual measure of the days suitable for plant growth where the growth threshold is
assumed to be 40° F. The number of degrees over this base temperature for the average
temperature of a single day is summed for the year. However these data are usually not available
and the values are approximated from the July and January averages. Thus DEGD_,  and

DEGD_. describe the geographical temperature boundaries within which the species can be
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found. These geographical boundaries correspond well with the thermal isopleths of degree-days.

From a theoretical standpoint the fundamental ecological niche for the species resulting from this
multiplier, will be less than the realised ecological niche observed in natural conditions. This can
deduced by consideration of DEGD__ or DEGD__. . These are defined as the highest/lowest
temperatures found in the range that the species occurs, and are derived from species distribution
data in the field, thus we have data concerning the limit of the realised niche. However, upon
substitution of the maximum or minimum values of DEGD into the function in the model we can
see that the growth multiplier obtained is zero. i.e. no growth can occur and individuals of this
species will *die’ as far as the model is concerned. Growth multipliers begin to increase as

temperature moves towards the optimum for the species.

In effect then, the fundamental niche for a species is smaller in the model than the realised niche
taken from data in the field. This marginal inaccuracy is largely irrelevant for management
purposes as it is unlikely that a tree of marginal climatic suitability will be a significant
component of the crop in a managed forest regime. However there are implications for
modelling the growth of tree species occurring on the margins of their geographical distribution,
but these are unlikely to be relevant for most broadleaved species in the U.K. and therefore so is

this multiplier.
1.6.3.3 Competition for a limiting resource.

The final growth limiting multiplier used in the JABOWA growth equation is an expression of
competition for moisture, space and nutrients with other individuals on the simulated plot. The
function works by setting a maximum basal area (derived from maximum biomass data in the
field) for the particular forest type under study. Thus by defining different maximum basal area
values a measure of site class is included. However the premise implicit in this function is that
forests free from exogenous disturbance, tend towards an equilibrium in terms of biomass.
Fortunately such evidence exists. Pienaar and Turnbull (1973) observed that even-aged
plantations, with spacings above a certain minimum level, converge towards an identical basal

area per hectare. The absolute value of this maximum amount of basal area is dependent upon the
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quality of the site, the more fertile sites being capable of sustaining a greater maximum biomass.
The competition multiplier used in the JABOWA model is shown below.
S(BAR)=1- BAR
SOILQ

BAR = Total basal area on the modelled plot, SOILQ = Maximum basal area possible for a plot.

The rationale behind this simple expression of complex competitive interactions on a site is that
as the basal area of the plot increases so does competition for resources, increased competition
being reflected in each individual through reduced growth rates. The two are related by a simple
linear expression in the model. It is assumed that as a single unspecified resource becomes
limiting it will affect all individuals equally, no account of the likely advantages of relative size
of individuals in competing for limited resources is considered. Thus each individual is
multiplied by the same growth multiplier for competitive interaction, and competition rises
toward a maximum as basal area approaches a maximum. It should be remembered that the
implication of this function is that the maximum biomass predicted by the model is not
independently generated. No account of variations in nutrient availability is made, nutrients are
assumed to reduce and not cycle. The size of plot is delimited by the maximum biomass the plot
area can support. Clearly this part of the model is inaccurate due to over-simplification (see

section iv of systems analysis framework).
1.6.4 Stochastic influences on forest development.

Modelling of forest dynamics must include the processes of both reproduction and mortality (as
well as growth) of stems from year to year. These are processes that do not always follow a

predictable pattern and, as such, lead to the stochastic nature of forest dynamics.
1.6.4.1 Mortality.

Mortality trees can be influenced by chance happenings, for example freak storms can cause
widespread damage and tree death. Other exogenous disturbances include fire, landslides and

earthquakes. Some of these are more likely than others in various parts of the world. There are,



CHAPTER 1

PAGE 31

nonetheless, some consistent patterns in tree mortality of *undisturbed’ forest. Large numbers of
seedlings may occur when there is a gap or open ground to colonise, but only very few will
survive to maturity. This stage of forest development is subject to considerable variability
because the numbers of seedlings regenerating are dependent upon many environmental and
climatological factors. The pattern of mortality in even aged stands has, however, been a topic of
much study. Notable work was carried out by Yoda er al. (1963) to produce the ’-3/2 law of self
thinning’. This describes a relationship between the maximum mean size of individuals
(expressed in dry weight) and the stand stocking density. More recent work by Hamilton

(1990) covers mortality functions in relation to forest growth models

In a mixed age, mixed species stand the problem is more complex and many approaches to the
modelling of mortality use empirical survival probabilities that are linked to tree growth
parameters. Due to the numbers of seedlings present at establishment, the probability of mortality
for any one seedling is quite high (many never reach maturity). Once a tree becomes established,

however, the probability of mortality is reduced.

In the JABOWA model only 2 per cent of saplings reach the species specific maximum age

(AGEMAX). A constant mortality probability for the death of a tree in any one year is applied.
p=1-(1-¢)O

Where; p = The probability a tree will die in any one year, € = Constant death probability and n =
year.

If p = 0.98 (2 per cent survival) when n = AGEMAX, then;
0.98 =1 - (1 - g)ACEMAX
(1 - g)ACEMAX = 0,02
Therefore; £ = ] - 0.02ACEMAX

The application of the basic mortality probability € in the above equations results in the

generation of the probability of mortality p as shown above. The intrinsic survivorship curve
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generated for a species is in the form of a negative exponential. In the JABOWA model there are
two mortality curves that are associated with differing survival probabilities, the annual
increment is the trigger for the initiation of the alternative mortality level. Trees with an annual
diameter increment of less than 0.01 cm/year are subjected to a second mortality/survivorship
curve set such that there is a 1 per cent chance of surviving ten years (the probability a tree will
die in any one year = 0.368). Thus, mortality of individual trees is represented by two
survivorship curves that are linked by an increment threshold. The JABOWA model and many of
its derivatives use similar mortality functions despite the fact that predictions from the original
model produced size class distributions (diameter with respect to age) that are noticeably
different from conditions recorded from forested environments. The model produces too many
stems in the diameter range 10-20 cm. This led Botkin et al. to comment at the end of their
paper: "If the observations available are in fact representative of New England forest, then
perhaps the assumptions regarding mortality require modification". This was also found to be the
case in a JABOWA derivative known as FORTNITE (Harrison and Ineson 1987, 1988).
Independently, Noble (1987 pers. comm.) noted that the diameter distributions held in memory in

the computer are not as would be expected or observed in a ’natural’ forest system.

One possibility for future research could be to develop functions for mortality that are based on
some combination of diameter increment as a ratio of the maximum possible for the species,
whilst also including density dependent effects. The aim of this research would be to relate

patterns of mortality to ecological processes e.g. intensity of competition and size.

It could be argued that for the purposes of management, modelling mortality could be simplified
to routines allowing selective thinning and felling regimes because efficient management aims to
minimise mortality. However, an accurate mortality function that reflects ecological reality is
required to determine the optimum silvicultural practices. Very little is known about the
response of mixed age polyspecific broadleaved woodland to management, and the specific

practices that would minimise mortality remain unclear.
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1.6.4.2 Regeneration.

The establishment of saplings in the JABOWA model is dependent on a number of conditions
that vary for different species. For example to regenerate birch, a certain amount of light needs to
;;ailable at the forest floor, also the value of DEGD, the growth limiting factor due to
temperature, needs to be between the maximum and minimum for the species. These tests, or
switches, act to determine which species will occupy a site. It is assumed that there is a seed
source available for all species. The numbers of seedlings produced by the model will be one of
the ’drivers’ for the stochastic nature of forest dynamics. Establishment and regeneration is also
an aspect that can be manipulated by forest managers by planting or preferential selection of
certain tree species, and there is considerable scope for the inclusion of managerial manipulation
of the regeneration phase within gap-models. The process of natural regeneration is perhaps less
well understood than either tree growth or mortality and is correspondingly difficult to model. If
forest development is to be predicted for the purposes of management for a predefined period
then the modelled regenerationcould-be-directly could be altered to match specific stocking

levels. For investigation of ’group system’ management by natural regeneration a more

ecological approach would be required.
1.7 Size of the modelled area.

The size of the plot that is modelled is very important. Field measurements from the temperate
broadleaved forests of north eastern U.S.A. by Runkle (1985) report that only =1 per cent of the
land area was covered by gaps of an area between 400 and 1490 m®. A larger area is covered by
smaller gaps but this can be quite a variable proportion in different forests. Gaps were caused by
the death of dominant trees usually due to lightning strikes or high winds, but disturbance was
generally low. Dengler (1939) states that for mixed conifer/hardwood forest in the Balkans small
even-aged areas of between 0.01 ha and 0.25 ha are commonly found. The level of gap
production due to endogenous disturbance is likely to be similar for undisturbed’ woodlands in
the U.K. There is a distinct lack of data for gap-sizes in the U.K. because unmanaged

"undisturbed’ forest is uncommon.
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A large modelled area would, in effect, reduce the sensitivity to gap-phase effects because these
would be seen on a relatively small proportion of the area at any one time and gap-phase
replacement over the total area of the plot would become increasingly unlikely as the plot size
increases. A smaller plot size allows simulation of gap-phase effects over a larger proportion of
the plot when it occurs. From a theoretical standpoint, the use of a very large plot is tantamount
to a reversion to the holistic treatment of forest dynamics. The advantages of large areas have
already been discussed and are best modelled by the use of specialised stand or stand class
models (sections 1.5.1.-1.5.2.). The choice of a sensible simulated plot size is especially
important because no explicit spatial consideration of individual trees (with the exception of

height) are used in distance independent gap models.

The general principle should always be to match the size of plot to the size of large dominant
trees (say about 300 m?), and the gaps produced by their death, in a given forest type. Botkin et
al. (1972) however, use a plot size of 10 X 10m as do Aber and Melillo (1978) in the JABOWA
derivative FORTNITE. If the size of the gap created by the death of mature trees is considered, a
plot size of 0.01 ha is, again, indisputably inadequate.

A logical approach is to match the size of large dominant trees to the size of the modelled plot by
consideration of the diameters of the crowns (or canopy areas) for mature individuals of sg:cies
involved. A suitable plot size should allow sufficient space for the crown areas of several mature
trees. Examination of crown diameter data for broadleaved species commonly found in the U.K.
supports the findings of Shugart (1984) shown in Table 1.4. Pryor (1985) studied the
relationship between dbh and crown diameter for many broadleaved species at different stocking
levels in the UK. The data were restricted to trees within the diameter range normally expected
in productive forestry rotations. Within this range a strong linear relationship existed. However,
it is likely that crown diameter would have tended towards an asymptotic value had data been

(kk

(A
collected from trees of the largest diameters and included in“analyses. Table 1.5 shows the
largest crown diameters from the studies by Pryor (op. cir) without recourse to (potentially
unreliable) extrapolations outside the range of diameters considered in the regression analyses. If

the relationship for the full diameter range is indeed asymptotic, and further study would be
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necessary to establish this, then the predicted values for crown area will not be far from the

species maxima.

If a plot size of 0.08 ha were chosen at least two trees would be capable of attaining near
maximum size, but if a plot size of 0.01 ha (the size used in the JABOWA and FORTNITE

models) no individuals of the species considered in Table 1.5. would be capable of reaching

maximum size.

Table 1.4. Results of experiments with different spatial scales for plot size used in a gap models
for Appalachian and north-eastern hardwood forests in the U.S.A. (Shugart, 1984).

Plot size Can a dominant tree Does gap-phase

ha reach maximum size? replacement occur?
0.01 NO YES
0.02 NO YES
0.04 YES YES
0.08 YES YES

0.2 YES RARELY
04 YES NO

Table 1.5. Crown diameter, crown area and stem dbh from canopy dominant trees in the U.K,,

data taken from Pryor (1985).
Species Stem diameter Crown diameter Crown area
(cm) (m) (ha)
Quercus robur 98 20 0.0314
Fagus sylvatica 90 19.5 0.0298
Fraxinus excelsior 80 17.5 0.0241
Acer pseudoplatanus 87 18.5 0.0269

The study of gap-phase dynamics includes death and regeneration of trees, and the area disturbed
by the death of a large individual should also be considered in the selection of an appropriate plot
size. The choice will be a function, not only of the maximum crown area for a tree, but also its

maximum height.

It is strongly recommended that the size of modelled plots for growth simulation in U K.

broadleaved forest should be greater than 0.035 ha but not more than 0.2 ha (see Tables 1.4 and
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1.5). This is of sufficient size to allow between 1 and 6 trees of maximum size on a simulated

plot.
1.8 Development of gap models.

The original JABOWA model has been adapted and extended to simulate different forest
environments and for a variety of objectives. Some of the gap models derived from the original
JABOWA are more suitable for the objectives of this study than others, and the most suitable
will be briefly described, in their published form. In later chapters these models are modified to
include results of further research and to improve the quality of the output in accordance with the

objectives of this study.

1.8.1 The FORTNITE model.

The authors of the FORTNITE model (Aber and Melillo 1982) regard nitrogen availability as
the major limiting element in temperate forest growth. It uses the core of the JABOWA model
for the development of trees through time on a 0.01ha plot (see section 1.7.). The dynamics of
nitrogen in the forest system are also considered through another ’sub-model’ and the two are
linked by input from the forest biome in terms of dead litter, and supply of nitrogen to the trees
from the decomposition of the litter ’cohorts’ over time. Growth in the trees is, in turn, modified
by nitrogen availability, and weight loss in the litter cohorts is determined by linear
decomposition rates, which ultimately give rise to free nitrogen. Dead tree litter is classified into

distinct types that have associated decomposition rates.

The tree growth algorithm in FORTNITE is largely the same as that described for the JABOWA
model but with one very significant difference. The growth equation for diameter increment of
trees has been removed and replaced with a constant for the maximum potential diameter
increment for an individual, "There is currently no effect of size or age on growth rates" (Aber
and Melillo op. cit). This is aﬂl‘macceptable over-simplification of the growth pattern of trees.

The model is, however, very detailed in its simulation of nitrogen dynamics.

The model is compartmentalised due to the nature of the data that were available from the study
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at the Hubbard Brook ecosystem. Each litter compartment has an input rate, an output rate and a
present value. Biomass inputs are a function of time as each tree on the simulated plot grows and
produces litter, and as individuals die. Leaf biomass, for example has been shown to decompose

at very different rates depending upon the tolerance of the species to nitrogen availability

(Melillo et al. 1982).

The calculation of nitrogen dynamics is based on two major assumptions; (i) As no good data are
available on fine root turnover it is assumed by the authors that the turnover of fine roots will be
similar to that of the leaves (i.e. dependent on the tolerance of the species to nitrogen
availability). The reasoning behind this assumption is that both roots and leaves are neither
supportive nor transportive and both are ’ephemeral resource gathering tissues’, but there is no
evidence to suggest that root and leaf degradation are related. (ii) The amount of fine root tissue
is assumed to be related to the root/shoot ratios measured for different species (Bormann and
Likens 1979). Fine roots are a very important component in the dynamics of nitrogen and are
likely greatly to affect tree growth. It also likely that trees under nutrient stress will divert more
of their resources into fine roots, at the expense of woody biomass, and this would encourage
higher rates of root litter turnover (McClaugherty ez al. 1982). Thus fine root turnover is likely

to be a highly variable factor.

Woody root biomass in the model is taken from the ratio described by Whittaker (1974). Below
ground biomass is equal to 20 per cent of above ground biomass, 32.8 per cent of the resultant
below ground biomass is assumed to be woody and, as such, to decompose twice as fast as
above-ground woody litter. One main simplification is the correlation of weight loss of different
categories of tree litter to nitrogen immobilisation and mineralisation into the F and H layer of

the soil.

Litter is classified into leaves, fine roots, woody roots, twigs, and ten size classes of large woody
litter. Leaves, fine roots and twigs have decomposition dynamics within the model that use lignin

and nitrogen content derived from field measurements.
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availabilitv of Nitrogen will ’feedback’ to influence individual tree growth.

Figure 1.4. Flow diagram of the nutrient decomposition module of the FORTNITE model. The
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K =0.79 - 0.03(L:N) (Melillo ez al. 1982)

Where K = percent weight loss, L = initial percentage of lignin and N = initial percentage of
nitrogen. Weight loss (i.e. decomposition) in large woody litter is related to the mean diameter
of the litter size class (ten classes with 10 cm diameter size increments).

K =0.13 - 0.014 x DIAM

As the weight of a cohort declines the nitrogen concentration within the cohort will increase until
it reaches the point where net mineralisation will begin (around 2 per cent nitrogen by weight)
and at this point the remaining weight and nitrogen is transferred to the F and H layer
compartment. Each year may produce a series of new litter cohorts to be modelled over
successive years. Nitrogen mineralisation takes place from the F and H layer in proportion to
weight loss. This is a constant 9.6 per cent per year multiplied by a function to increase
decomposition under low leaf area canopies, an effect often observed after clear cutting. Thus
nitrogen availability is equal to the total mineralised from the F and H layer, minus the
immobilisation demands of the current litter cohorts plus a constant 5 kg/ha from aerosols or
precipitation and 10 kg/ha from mineralisation from the mineral soil. These values could be

altered for U.K. values in any future modification.

The concept of modelling the dynamics of nitrogen in relation to the growth of trees is only
meaningful if the relationships between nitrogen availability and relative growth rates are known
for the species being studied. Work by Mitchell and Chandler (1939) forms the basis of the
relationship used in the FORTNITE model. They developed species specific relationships
between available nitrogen and foliar nitrogen concentrations. They classed the results in relation
to the tolerance of individual species to nitrogen availability. Tolerant species grow well under
conditions of low nitrogen availability, but cannot respond to high availability with greatly
increased growth. Conversely intolerant species cannot survive in conditions of low nitrogen

availability but growth rate will increase with increasing nitrogen availability.

The work by Aber ez al. (1979) relates the relative nitrogen availability, derived from the earlier

work of Mitchell and Chandler, to the absolute nitrogen availability. The relative nitrogen
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availability is obtained from the absolute nitrogen availability as predicted by the forest floor

component of the FORTNITE model, using the following equation:
MC = -170 + N(4.0)

Where MC = net nitrogen availability on the Mitchell and Chandler scale and N = the net
nitrogen availability in kg/ha/yr. The relative nitrogen availability is then converted to a relative
growth factor depending upon the nitrogen tolerance of the species. Species can be classified as

tolerant, intolerant and intermediate.

The advantage of this model is that it can show how the nitrogen status of the forest can change
over time, especially with regard to management practices. For example, the authors of the
model use it to investigate the effects (both long and short-term) of differing harvesting
techniques i.e. whole tree harvesting, removal of above-ground biomass including foliage and
‘'normal’ harvesting, where the foliage is allowed to remain on site. The model predicts levels of

nitrogen throughout the rotation that, according to the authors, resemble field measurement.

The FORTNITE model has removed the constraint on maximum biomass used in the JABOWA
model for simulating an unspecified nutrient becoming limiting to tree growth. This growth
limiting multiplier has been replaced by the nitrogen dynamics model. The obvious advantage of
this is that predicted biomass output is independent of the parameters used to drive the model.
However, the nitrogen dynamics of the model is very sensitive to the values predicted in the tree
growth model for total leaf production. This is because the leaf production also determines the
fine root production (see assumptions section 1.8.1), and these two together form the main
nitrogen input to the forest floor litter (but tree growth is modelled very inaccurately). The
model has been used to predict nitrogen availability under differing management regimes for
example, differing rotation lengths and differing harvesting methods in terms of biomass
removed from the site. It was found that successive short rotations reduced the total leaf and fine
root biomass being returned to the forest floor. The consequence was reduced nitrogen
availability and thus reduced yields in successive rotations. The model can be used to simulate

differing silvicultural management, times of fellings, species to be felled (or thinned), and
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diameter limits on felling can be specified. The effect of removing species can be predicted. For
example, only allowing nitrogen tolerant species to remain will reduce nitrogen availability due
to slower growth and longer times for decomposition of leaf litter from tolerant species. One of
the limitations to the model at the time of publishing in 1982 was associated with its use on sites
with low nitrogen availability where fertilizer nitrogen had been applied. The model is not
suitable for this because nitrogen retention times in the forest floor litter, and storage by trees are

not well known.

The main weaknesses associated with the model are; (i) the removal of the growth pattern for the
diameter increment of individual trees, potential tree increment is assumed constant irrespective
of tree size. (ii) Complex modelling of nitrogen dynamics depends on many factors related to
tree growth, with intricate, not fully substantiated, feedback to the growth of trees. (iii) More site
specific data is required than for its predecessor, and (iv) the detailed modelling of the nitrogen
dynamics assumes N to be the most important resource, besides light, influencing growth, this

may not be so for all woodlands.

The FORTNITE model has been adapted for simulations of woodland development at Meathop
wood in Cumbria (Harrison and Ineson 1987, 1988). This woodland has been much studied and a
large amount of data exist, dating back as far as 1939, when the wood was last coppiced (with
the exception of some oak standards). The modified FORTNITE model was used to simulate
woodland development starting from the known woodland structure in 1939, and the predicted
output for the years 1962-1972 (the period of the detailed IBP measurements) were compared to
field data. The modifications made by Harrison and Ineson (op. cit.) do not alter the biological
relationships described in the original program (Aber and Melillo 1982), with the exception of
tree height-diameter equations. Problems with the generation of the random numbers used in the
model with regard to anomalies experienced when a management cut is included in the model
were noted and rectified. Management options to allow selective felling and thinning as well as
coppice regrowth have been included. A major problem is that of the small plot size compared

to the crown area of mature trees (section 1.7.).

In summary, the nitrogen availability due to decomposition is modelled with a great degree of
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detail, however the pattern of growth by the individual trees, upon which this feedback effect is
mediated, is oversimplified to an unacceptable extent. More understanding and testing of models
that concentrate on tree growth to a greater degree is required. A comprehensive understanding
of the basic relationships between regeneration, growth and mortality is required and should be
expressed in gap-models that consider soil parameters in a simple form. Once this has been
achieved the wider implications of the effect of soil parameters on mixed age polyspecific
woodland can be attempted. The use of the FORET model for simulating forest dynamics is a

more suitable starting point.
1.8.2 The FORET model.

The FORET model by Shugart and West (1977) is another forest growth simulator that uses the
basis of the JABOWA model for the growth of individual trees on a plot. One of the main aims
behind the research in this model was to be able to assess the impact of the Chestnut blight
disease (Endothia parasitica) on the forests in the Appalachian mountains of the eastern USA.
Circular plots of 0.0833 ha were used, in contrast to the square 0.01 ha plots in the original
JABOWA model. Since spatial components are not specifically defined within gap-models the
shape of the plot can only refer to the inventory data against which such models are verified and
validated. Shugart (1984) regards plot size, as previously indicated, to be very important when
modelling gap-phase replacements (see Table 1.4.). Some of the subroutines of the original
JABOWA model were altered to allow for modifications. One such modification was the
inclusion of a subroutine that allows certain species of tree to sprout coppice shoots when the
stems are cut. Shugart and West noted that vegetative sprouting can be the dominant form of
reproduction in the Appalachian forests, for particular sizes and species of trees. The computer
model selects eligible stumps and regenerates a tree as a sapling in place of the tree that has been
killed in the mortality routine. Only a few of these trees are ’allowed’ to sprout new shoots. Were
this model to be adapted for use in the U.K. for coppice management, the sprouting routine
would need to be altered to predict accurate levels of sprouting for a stand of cut-over stems.
Each stump would need the facility to develop multiple shoots and growth in the early stages of

shoot development may require enhancement due to the remaining well-developed root system.



FORET MAIN PROGRAM

CALL INPUT

CALL PLOTIN

CALL INIT

CALL KILL

CALL BIRTH

CALL GROW

CALL OUTPUT

. N | LAST YEAR ?

N LAST PLOT 2

END

Figure 1.5. A simplified flow diagram of the FORET model, this basic structure applies to
modifications made to FORET that are discussed in Chapter 4.



Figure 1.6. A diagrammatic representation of dynamic processes within a small area of forest
that a gap-model, such as FORET, can simulate.
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The prediction of height based on diameter would need investigation and any volume predictions
for small dimensioned coppice would require inclusion. Whilst these are relatively trivial points

in a model directed towards the prediction of species change, they are of great importance if the

model is to have a management application.

Another modification to the JABOWA model by Shugart and West (op. cit.) was the inclusion
of the capability to deal with a greater number of tree species. However, consideration of soil
water availability was removed and this restricts the application of the model to lower slope
positions where light availability and not water availability is the limiting factor. The
regeneration of trees into the forest plot is modelled by a subroutine known as ’birth’ that works
along similar principle‘/tso that of the JABOWA model. For each species a series of yes/no (0 and
1 respectively) questions must have the correct value in order for a species to be eligible for

regeneration.

No attempt is made at nutrient modelling in the original FORET model but Shugart (1984)
reports that Weinstein (1982) has adapted FORET to produce a model called FORNUT that
models nutrient dynamics in similar sort of way to that of Aber and Melillo (1982) i.e., relating

nutrient availability to a tree growth modifying factor.

The FORET model was used to compare simulations of forest development in the Appalachian
mountains with the present species assemblage and compare it with similar simulations that
contain the Chestnut species (Castaena dentata). A simulation of forest development was carried
out where the chestnut was removed (to simulate the blight) half way through. The authors
state that the model simulated species structure of the present forests well, and also corresponded
to the data available for the pre-blight forests. However, the data for verification of the pre-blight
forests comes from scant quantitative sources, and mainly from qualitative descriptions and a
knowledge of the volumes of species removed in logging in the pre-blight forests at the turn of
the century. The main differences between the pre-blight forests containing chestnut, and the
Appalachian forests of present times predicted by the model was greater leaf area and above
ground biomass with the chestnut. But the number of stems per unit area before and after the

blight remains more or less the same. The FORET model has also been used to project the
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influence of air pollution on stand development (West et al. 1980) and to simulate successfully

forest development for a mixed pine-hardwood forest in Arkansas (Mielke et al. 1978).

1.9 Summary and research recommendations.

The individual-tree models summarised in sections 1.8.1 and 1.8.2 have the potential for
modification to allow them to be used for the prediction of the effects of management strategies.
There are numerous techniques used in the development of such forest models that will require
modification to facilitate the production of useful and accurate results. Some of these are

specified below.

The basic growth equation, which has remained unaltered in many of the JABOWA derivatives,
requires modification. The fundamental relationship for diameter increment is based on a height-
diameter relationship. This is assumed to be parabolic for all species, and is set for a species
from trees of record dimensions (ie. exceptionally large trees) found in natural stands.
Unfortunately large trees from natural stands are now rare (if not nonexistent) and data are
almost impossible to obtain in the U.K. The nature of the relationships between height and

diameter should be established for species commonly used in the U.K.

The basic growth equation is modified by a series of growth multipliers designed to represent the
decrease in growth rate due to sub-optimum environmental conditions. Light availability may be
the most significant of these or, perhaps, competition for space/soil resources. These are of
importance since management can manipulate their significance in influencing tree growth
within a stand, they are also a non-Cartesian representation of the spatial relationships between
trees on a plot. The temperature limits for a species are of restricted usefulness for management
since tree species selected for management may be assumed to be matched to the site under

consideration.

The diameter distribution of individuals grown’ in the computer should match those collected
from field measurement. This has not been the case and has been reported by Botkin et al.

(1972), Aber and Melillo (1982) and Harrison and Ineson (1988). This problem requires the
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matching of the interactions between the processes of growth, regeneration and mortality within

the model.

The processes of mortality and natural regeneration require additional modification in order to
cope with the possibilities of planting, and the determination of optimum stocking levels. A
reliable mortality function is required to investigate the optimum silvicultural practices with

respect to the objectives of management.

However, of overriding importance is the general alteration of suitable models for U.K.
conditions. The modified models will require extensive verification and validation before

application to woodland management is possible.
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CHAPTER 2. Formulation of modified gap model growth equations.

2.1 General forms of growth equations.

A useful growth equation should express the geometric features that are logically expected. For
example, values should range from zero at the beginning of tree growth and reach an asymptotic
value for mature individual trees or stands. An inflexion is also to be expected, but the growth
curve should not be symmetrical about this point, faster growth being anticipated in the earlier
phases. Simple regression techniques that construct growth and yield functions from observed
data may not include such features, although past experience and application of logical thought

may indicate their occurrence.

Perhaps the most notable contribution to the quantitative expression of growth processes is the
Chapman-Richards generalisation of von Bertalanffy’s growth equation (Pienaar and Turnbull
1973). Growth rate is expressed in terms of the difference between anabolic and catabolic
metabolism of an organism. von Bertalanffy formulated a hypothesis that the anabolic rate of an
organism is proportional to its surface area through an allometric relationship, whilst the
catabolic rate is proportional to the volume of the biomass. The allometric constant, from studies
on a wide variety of terrestrial and aquatic organisms, was thought by von Bertalanffy to be 2/3.
The basic growth equation was expressed;

dV =nVv??-yv

dt
where dV/dt is the volume growth rate and V the biomass volume, n and y are variable
parameters (von Bertalanffy 1951). Independent work by Chapman (1961) and Richards (1959)
on fish and plant growth respectively, argued that the constant of allometry defined by von
Bertalanffy was too inflexible and not applicable to many forms of life. The modification to the
original equation is known as the Chapman-Richards equation, being identical to that of von
Bertalanffy but allowing a variable constant of allometry to be determined for different

organisms (or, more usually, groups of organisms); where M = the constant of allometry.

dv =mvM-yv
dt
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Integration of this equation can establish the yield at any given time by application of Bernoulli’s
equation for the integration of differential equations von Bertalanffy produced,;
V=b[!I- eP2(t-P4)]5,
The general form of the Chapman-Richards equation has the allometric constant 2/3 replaced by
a variable parameter b, (Pienaar and Turnbull 1973). If the model were applied to stand growth;
V = the volume at time ’t’, b, represents the maximum volume per hectare that can be attained on
the site, b, controls the general shape of the curve, b, shortens or lengthens the time required for
the curve to culminate, and b, is a scaling value. Munro (1984) notes that an interesting property
of this equation, when applied to tree growth, is that maximum current annual increment (CAI)

can be shown to occur at a time (age);

In| b, |
The Chapman-Richards growth equation can be applied to the growth of individual trees or to
stands. For individual trees the rate of biomass growth, for example, can be approximated by the
net difference between anabolic and catabolic processes. Anabolic metabolism is assumed to be
directly proportional to the photosynthetic area of the tree. An allometric relationship commonly

used for tree growth is that of dbh to crown diameter or leaf weight. Catabolic processes are

assumed to be proportional to the total biomass of the individual.
2.2 The relationship between growth and yield.

There is a functional relationship between growth and yield in a forest environment. Yield is
often of primary concern to the forest manager and is expressed in terms of total wood volume
(or biomass) produced at the end of a defined period of time e.g. a rotation or a thinning cycle.
Growth is the increase in size (volume/biomass) over a given period of time. Both of these
concepts can be applied to stands or individual trees (involving area considerations for
describing stands). Common units of growth and yield used in the study of forest development
are:-

Growth: m>/ha/yr (for stands), m?3/yr or cm dbh/yr (for individual trees)

Yield: m>/ha (for stands), m? (for individual trees)
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Clutter (1963) was amongst the first to realise and apply the obvious relationship between the
two and emphasised that integrating a growth function should generate a yield function, (the
logical antithesis being to differentiate and produce a growth function from a yield function).
Earlier work often considered the two concepts separately and compatible growth and yield

functions were not previously investigated.

Vanclay (1983) argues that for mixed forests "models which express the status of the forest at
some future time are termed yield models, and those which express increment are termed growth

models”. Although this classification is theoretically correct, is it neither useful nor definitive.

Individual tree models have, on the whole, been developed in order to cope with the problems of
mixed ages and species of trees growing together in close proximity. A model simulating
individual tree growth can also produce yield estimates by simply summing each individual
period of modelled growth. This is the empirical equivalent of integrating the growth equation.
Similarly the summation of growth or yields of individuals can generate estimates for stands (by
consideration of the area of the plot). Thus the distinction made above is not easily applied,
except to descriptions of the equations alone. However, growth functions provide far greater
flexibility than yield functions. Summing the modelled growth allows greater scope to alter the
management regime or to cope with altered environmental conditions that affect growth, whilst

the yield equation cannot cope with comparable variations.
2.3 Formulation of the original JABOWA growth equation.

The growth function used in JABOWA-type gap models is analogous to the Chapman-Richards
growth function. It assumes that the rate of growth is equal to a constant multiplied by the leaf
area of the tree (anabolic processes), which is multiplied by a factor representing the size of the
tree relative to the maximum possible (catabolic processes). Thus as a tree approaches its
maximum size the growth rate is progressively reduced, until growth stops at maximum size.
This simulates the greater proportion of photosynthates required for maintenance in preference to
growth as size increases (Harper 1977), and as increasing inefficiency of transport of water,

nutrients and the products of photosynthesis due to aging occurs (Spurr and Barnes 1973, 1980).
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The basic growth equation for an individual tree is expressed as:-

dt D_H

m

d(D*H)=R.LA| 1-DH

Where; R is a constant, LA = leaf area, D = diameter at breast height, and H = height. D_ and H_
are the species maximum diameter and height values. Rate of growth is described in terms of

volume increment in a one year interval (d(D*H)).

"The height of a tree with a dbh D (in cm) is assumed to be given from the following expression

(Ker and Smith 1955):
H=137+bD - b3D2 " (Botkin et al. 1972)

Note; 137 cm is the U.S. conventional breast height in centimetres (130 cm is the U.K.

convention).

b® and b* are chosen such that H=H_and dH =0, whenD =D

m

S

dH =b, - 2b,.D_
dD
Therefore; b2 = 2b3.D
and b,=Db
3 —27Dm
Substituting;

H_=137+(2b,.D_).D-b,D*_

b, = (H_-137)

D2

m

Similarly, by substitution;

b, = 2.(H_-137)

D

m

The species specific parameters b, and b, relating diameter to height are determined from the two
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simple parameters of maximum height and diameter. These parameters are based on the

dimensions of "record’ trees for a given species (refer to section 3.6.1).

It is assumed that the ratio between basal area and the leaf weight of the tree remains constant for

the life of the tree and that leaf area is directly proportional to leaf weight.

Thus for a species . leaf weight = Ci.Dz, (Perry et al. 1969). Because leaf area and leaf weight are

proportionally related, the constants R.C, = G. The central growth equation becomes;

dD*H)=G.D?*| 1-DH
dt Dm.Hm

Substituting and differentiating; H =137 + b,D - b,D?

i GD |1- DH
dt D_H_

274 +3b,D - 4b3D2
The growth rate constant is scaled such that the equation will represent the maximum growth rate

possible for the species.
2.4 Modification of the growth equation.

The basic growth equation in the JABOWA model is set such that the maximum height and
diameters attainable by a particular tree species are based on individual forest trees of
’record’ dimensions. These data, and an estimate of maximum age for each species, are then used
to derive not only the height-diameter relationship for the species, but also the growth rate

constant (see Chapter 3).

In order that a JABOWA type gap-model may be used for the purposes of simulating forest
management practices in the U.K. it is essential to establish a growth equation that will produce

predictions that fit, as closely as possible, observed growth data.
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2.5 Record tree data.

Data for large trees that have developed within a closed forest environment in Britain are
remarkably scarce, and notable trees of large dimensions are usually long-lived, open-grown
specimens or ancient pollards (Mitchell and Hallet 1985). Trees of this type are unsuitable for
the basis of any species specific height-diameter relationship. Record trees from the United
States may be more representative of their species since the majority have been recorded from
natural stands (Harlow and Harrar 1969), and as such may be a better approximation of the
maximum dimensions possible for individuals of a species in near optimum growth conditions.
The equations used in the original model take no account of the variability of the height-

diameter relationship in their derivation.
2.6 Use of existing published yield tables.

The average tree dimensions from the highest yield classes or plantations of different commonly
grown species (Hamilton and Christie 1971) cannot be used to derive height-diameter
relationships based on diameter for individual trees, since the published figures have been
derived using height as the independent variable. Yield tables are constructed by making use of
the volume-top height relationship that is assumed to occur irrespective of rate of height growth
(Hummel 1955, Hummel and Christie 1957). The growth curves representing different yield
classes are constrained to pass through predetermined ’representative’ points in an empirical
manner by application of orthogonal polynomials. Relationships between height and diameter
are determined by parabolic or logarithmic functions using height as the independent variable,
for a predetermined management procedure. Height can only be used as an independent variable
if height growth remains vigorous. This is not the case for many broadleaved species where
height growth declines or ceases well before diameter increment slows. For computer
simulation of management practices using broadleaved species over long rotations (e.g.sawlog or
veneer production) diameter is the preferred choice of independent variable for the construction
of a height-diameter relationship. The relationships in the current gap models use diameter as the

basis for height prediction.
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General relationships between height and diameter used in construction of U.K. yield tables are:
D=a+bH+cH? (1)
LnD=a+bH+cH? (2)
Where; D = Diameter at breast height, H = top height, and a, b and ¢ are constants. Equation (1)
is used for Corsican pine, logepole pine, European larch, Japanese larch, western hemlock, grand
fir, noble fir, sycamore, ash, birch, and poplar. Equation (2) is used for Scots pine, Sitka spruce,
Norway spruce, Douglas fir, and western red cedar. The relationship between height and
diameter is derived for each yield class in oak and beech whereas all the above species are

characterized by equation 1 or 2 for all yield classes (Christie 1972).
2.7 Height-diameter relationships for broadleaved species.

One objective of this study was to manipulate existing individual tree gap models so that they
may be used for simulating management practices in the U.K. It was therefore necessary to

derive height-diameter relationships from data recorded from managed and semi-natural stands.
2.7.1 Summary of height-diameter studies.

A number of height-diameter equations were compared for oak, beech, ash, sycamore and birch.
They are based on data from a wide range of sites in the U.K. and from plots in the Netherlands.
The results were assessed by the use of the Furnival index, an examination of the residuals and
consideration of the biological interpretations that could be applied to the equations. It was found
that several curves can adequately describe the relationship for diameters exceeding all but those
of the very smallest of trees. However, for the purposes of individual tree models where
predicted values for height are required for all values of diameter, the choice of suitable curves is

more limited.
2.7.2 Introduction to height-diameter relationships.

The purpose of deriving a height-diameter curve is to arrive at a fair average height for any
diameter. Chapman and Demeritt (1936) remark; "Curves of height on diameter do not represent

a definite biological relationship such as height on age or diameter on age". However, height
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would be expected to increase with diameter, since increased diameter implies tree growth, and
this in turn implies height growth (except in the case of crown death in very old trees). Therefore,

curves of height with respect to diameter should normally show an increase in height, however

small, with increasing diameter.

In any investigation of height-diameter relationships there is likely to be considerable
heterogeneity in the data collected, and it is usual that measurements of trees, taken from stands
containing differing age classes and embracing a variety of sites, will show a wide range of
heights for the same diameter. Stands of trees of similar age but of different stocking levels (on
similar sites) may be of a similar height, but are commonly of greatly differing average
diameters. It is, nevertheless, possible to determine good relationships between height and

diameter.

Jeffers (1959) and Curtis (1967) recognised that there are many equations that may be used to
describe height-diameter relationships. Curtis, in his research on Douglas fir, used all the
equations in the analyses presented here. However, unlike the study by Curtis, the data have been
combined from many different sites and stocking levels in an attempt to include as much

variability as possible, and hence ascertain curves that represent a wider variety of conditions.
2.7.3 Methodology for height-diameter studies.

The data for deriving height-diameter relationships for each of the oak species (Quercus robur
and Q. petraea combined), ash (Fraxinus excelsior), beech (Fagus sylvatica), birch (Betula
pendula and Betula pubescens combined) and sycamore (Acer pseudoplatanus), were collected
from areas of woodland in the south of England (Bagley, Wytham, and Tubney woods (Oxon),
Savernake forest (Wilts), the Forest of Dean (Glos) and Catmore farm (Berks)). Trees were
sampled from many different stand types and at different stages of growth over the widest
possible range of diameters. Height measurements were made with a Suunto clinometer, and
diameter at breast height (130cm) with a conventional diameter tape. Measurements of diameter
were taken to the nearest centimetre, to provide replicate sample observations at integer values

along the X-axis (diameter). This allowed estimation and goodness of fit in the regression
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analyses to be separated, any errors in the measurement of diameter are likely to be small in
comparison to the errors in the measurement of height. Data collected by other workers were
alsoused. Crockford ez al. (1987a) measured many woodland plots from sites all over the UK, and data

for all these species, and from research plots in the Netherlands (Wageningen) were also made

available.

The method of sampling at each woodland site consisted of transects in a direction chosen at
random. Trees occurring on the edges of blocks of woodland were not included in the
measurements. Of the data from other sources the data from Crockford et al., op. cit. provides
measurements for leading trees only, on 10 x 10 m plots. However, plots were sampled from a
wide range of woodland types in many stages of development, the Wageningen data was a
complete inventory from fairly uniform research plots for each species. These other sources of

data represent approximately 20 per cent of the total number of trees measured for each species.

Oak data were separated into two classifications of ’standards’ collected from coppice with
standards woodlands and from widely-spaced stands of trees, and "high forest’ oak collected
from trees grown at closer spacing. Data for each of the other species were combined for the
regression analyses. The total number of paired observations used for each species were; ash
123, beech 175, birch 410, sycamore 316 and oak 1313 (divided into 777 widely-spaced
’standards’, and 563 ’high forest’ oaks).

Table 2.1. Equations used in the analysis of height diameter data.

1. H =a + bD + cD? 7. LogH = a + bLogD!

2. H =130 + bD + ¢D? 8. Log(H -130) = a + bLogD"!

3. H=a+bD!+cD? 9. LogH =a +bLogD

4. H =130 + bD! 4+¢ D2 10. Log(H-130) =a + bLogD

5. H = a + bLogD 11. Log(H - 130)= a + bLogD + c¢(LogD)?
6. H = 130 + bLogD

Where H = height, D = diameter. The coefficients a, b, and ¢ were determined by regression.
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All of the equations shown in Table 2.1 were fitted to the data for the different species using
regression software initially on STATGRAPHICS version 2.6 with verification of all regression
coefficients and statistical analyses using MINITAB version 6.1.1. The analyses presented here
are for the combined data sets, although each data set had been individually analysed in a manner

identical to that presented. All logarithms used are common (base 10) logarithms.

The most appropriate height-diameter relationship for use in the individual-tree growth models

was selected by consideration of several criteria;

(1) Furnival indices.
(11) Distribution of the residuals.
(iii) Coefficients of determination (R2), where appropriate.

(iv) Mathematical properties/theoretical and biological implications of the equation.

The Furnival index is based on the concept of relative likelihoods from least squares estimates
and, "has the advantage of reflecting both size of the residuals and possible departures from
linearity, normality, and homoscedacity" (Furnival 1961). It/ul;ed for comparing fitted regression
equations when the data for the dependent variable have been transformed (equation numbers 7-
11 in Table 2.1), against fitted equations where the data for the dependent variable remain
untransformed (equation numbers 1-6 in Table 2.1). For a regression fit with an untransformed
dependent variable the Furnival index is equal to the standard error. The lower the value of the
index, the better the fit of the equation to the data. Regressions in which the same dependent
variable has been subject to different transformations cannot be compared directly for goodness
of fit using the R? coefficient (Alder 1980). Regression equations that make use of the
logarithmic transformation of the dependent variable (Equations 7-11 in Table 2.1) are subject to

a systematic bias (underestimation). This can be rectified by the application of a correction

factor (Meyer 1944).

The general form (f(D) = a function of D) of the transformed equations (7-11) is;

Log,H = f(D)

With the inclusion of the correction factor 'C’ this becomes;
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H = C.10%®)
2

where; C = 10015125 )

and s is the residual standard deviation from the regression analysis (Meyer op. cit). However,
Alder (op. cir) states "when the degree of fit obtained is high (ie R? over about 0.9) the various

arguments about alternative fitting methods, error distributions etc., are essentially academic".
2.7.4 The effect of management on the height of oak.

Relatively high stocking levels and timely thinnings are stated by Zobel and van Buijtenen
(1989) to be necessary for maximum height development of hardwoods like oaks which tend to
produce rounded tops with large, heavy branches, if open grown. Pranjic (1970) studied the
height growth of oak (Q. robur) in Yugoslavia for a variety of sites and management conditions
and concluded that the form of height curves for the same forest community is largely influenced
by the system of management, and that height development is not always a reliable indicator of
site quality. In this way, oak differs considerably from many other species, where it has been
found, and generally assumed in the production of yield tables, that height growth is relatively

independent of spacing and competition during the productive lifetime of a crop (Evert 1971).

Studies of height-diameter relationships in the U.K. show marked differences for stands of oak
grown on a variety of sites under either coppice-with-standards or high forest management.
Coppice-with-standards management produces trees of a maximum height that barely reaches the
minimum of those grown as high forest for a given diameter (Table 2.2). Figure 2.1 shows
scatterplots of data collected from high forest and coppice-with-standards sites with similar soil

and drainage characteristics.

Assuming that the sites sampled for each type of crop do indeed cover comparable
environmental and soil conditions, it can, for example, be seen that trees in the 60-79 cm dbh
size group had an average height of 27.3 m in high forest and only 16.5 m in coppice-with-

standards, a difference of approximately 40 per cent in height.
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Figure 2.1. Scatterplots of height-diameter data for oak (Q. robur and Q. petraea combined)
categorised as either ’high forest’ or *standards’ by the form of management in the stand
from which the measurements were taken. Fitted curves 10 and 11 are shown tor both.
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Table 2.2. Mean values for heights (in metres) with their standard deviations for diameter size
group ranges of high forest and coppice-with-standards oak trees.

High forest oak Coppice-with-standards
dbh range (cm) Mean height S.D. Mean height S.D.
0-19 13.04 3.54 8.23 2.31
20-39 20.20 2.47 13.63 1.85
40-59 26.59 4.24 15.37 2.19
60-79 27.34 3.98 16.48 2.09
80 + 28.44 3.37 21.40 1.27

2.7.5 Comparison of fitted height-diameter equations.

Most of the equations can be discussed in pairs since they are essentially of the same form but
with different intercepts on the Y-axis. The constant ,130, represents zero diameter for a tree
with a total height equal to breast height. The values for the Furnival Index and the coefficient of
determination, R2, are presented for each species in Table 2.4.

Table 2.3. Values of maximum tree diameter (in centimetres) and height (in metres) predicted

from the fitted equations 1 and 2 in Table 2.1. Maximum diameter occurs at D = -b/2c
where c is less than zero.

Equation 1 Equation 2
Species H = a + bD + cD? H =130 + bD + cD?
diameter  height diameter  height
oak (high forest) 86.26 29.83 76.49 31.29
oak (standards) 67.12 16.56 54.06 16.65
ash 43.08 16.61 65.67 26.36
beech 129.4 35.20 103.5 46.15
birch 4450 21.15 39.11 21.03
sycamore 53.53 24 .39 43.99 23.57

Equation 1 and 2 (Table 2.1) give reasonable performance against the statistical criteria, and
always produce relatively low values for the Furnival index and high values for R?. The residuals
for these equations often show no pattern in the distribution or magnitude of the deviations from
the fitted regression lines. Equation 1 has no constraint on the lower end of the curve and, in

accordance with Curtis’ (op. cit) findings, unreasonable estimates for small trees occurred. Fitted
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curves for equation 2 are shown in Figure 2.2 for beech and sycamore. It can be seen that the
predicted values for height reach a maximum and then decline within the normal range of
diameters for all the species considered (Table 2.3.). This is clearly an unrealistic characteristic
for a height-diameter equation. Curtis (op. cit) remarks; "Trorey (1932) and Ker and Smith
(1955)...suggested that heights be assumed constant for diameters greater than that corresponding
to the maximum of the fitted curve. However, this implies that the relationship is better

represented by some other equation”.

Alternatively, the coefficients for an equation of this form could be generated from the height-
diameter measurements of a single tree using formulae shown in section 2.3, and without using
regression analysis. This is the method used by Botkin et al. (op. cit) and several derivatives of

the JABOWA model.

If these coefficients are taken from record tree data from the U.K. very poor fits are produced,
when plotted against measured data (section 3.6-3.6.1) because, as already mentioned, record
trees in the U.K. are, almost without exception, open-grown specimens. If these parameters are
calculated from the largest trees for each species found in the measured data sets, a more realistic
curve is produced. However, height is assumed to reach a maximum at the corresponding
diameter and then declines with any further increase in diameter. Although some very large trees
have been sampled in the course of data collection, it is unlikely that the largest of these

represent a biological maximum for the species.

Equations 3 and 4 (Table 2.1) occasionally gave good fits but the distributions of residuals,
especially in Equation 4, often revealed patterns in the data not accounted for by the fitted curve.
The fitted curves reach an asymptote, but Equation 3 produced negative values for height when
diameters are small. Constraining this form of curve to pass through the natural origin for
diameter in Equation 4 considerably worsens the fit. This, coupled with poor R? values and large

values for the Furnival index (Table 2.4), indicates that these equations are seldom suitable.

Equations 5 and 6 both have the advantage of tending towards an asymptotic value for height

with increasing diameter. This is a desirable characteristic for a height-diameter equation, in that
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it reflects reality, because height growth is unlikely to be over-estimated for large diameters.
Equation 5 frequently produces a good fit in terms of the Furnival Index and the distribution of
residuals. However, it produces negative values for height at low diameters. This alone limits its
usefulness for the purposes of height prediction in a growth model, where reliable estimates for
height are required for all values of diameter. In contrast to this, equation 6 (Figure 2.2 for
sycamore) produces positive estimates for height at all diameters, although analysis of the
residuals reveals a tendency for over-estimation of height at smaller diameters and an under-
estimation at larger diameters. The statistical measures of fit for equation 6 are consistently good
with very high values for R? and low values for the Furnival index across all species (Table 2.4).
The regression curve for this equation is most satisfactory for sycamore where these tendencies

in the pattern of residuals are much less pronounced.

Equations 7 and 8 of Table 2.1 possess both an asymptote and an inflection. Equation 7 passes
through the origin and equation 8 through the origin for diameter at breast height. Equation 7
always produces a slightly lower Furnival index than equation 8, but R? values are often low.
The patterns of residuals are frequently unsatisfactory indicating that trends in the data remain

unexplained by the equations.

Equations 9 and 10 are logarithmic forms of the power curve; H = aDP, and do not reach an
asymptotic value for height. They give a consistently low Furnival index across species,
equation 9 always showing a slightly lower value for this index. The pattern of residuals across
all species is often satisfactory for both equations, but height is likely to be overestimated in any
extrapolation to diameters greater than those considered in the regression data. Equation 10 is

shown in Figure 2.1 for oak ’standards’ and oak ’high forest’ and Figure 2.2 for ash.

Equation 11 (Figure 2.1 for oak ’standards’ and "high forest’, and Figure 2.2 for beech, birch,
sycamore and ash) is not asymptotic and differentiation shows a maximum diameter at 102
when c is negative. However, unlike Equations 1 and 2, this maximum seldom occurs within the
range of possible diameters (Table 2.3). Maximum height is attained at diameters of 179 c¢m for
birch, 143.5 cm for sycamore and 139.5 cm for ash. The regression curve for beech has a

positive '¢’ coefficient and therefore no maximum value at this point. The equation representing



BEECH SYCAMORE

HEIGHT DIAMETER EQUATIONS 11 & 2 HEIGHT DIAMETER EQUATIONS 11, 2 & 6

- ‘v'!vvlvﬁf‘ SR SN S SR SRS M S S SR SR AN e S

S0 50 ,.., ................ , ................ ................ -
40 3 49 ._,4 ................ . ................ ................. -—q
a0 ki o7 ] IS SOOI S FA— F—— I )
[ - . Eq i ]

20 20+ ﬁ ................ R a1 -
: i C VEQ 2 )

10 10+ .v.,. .................................. —
0 ") ...l.l.l ................ 1 ................ l]q

o 30 =1 =1 120 150
Dbh (em) X-AXIS us HEIGHT (m) Y-AXIS Dbh (em) X-AXIS us HEIGHT (m) Y-AXIS

BIRCH ASH
HEIGHT DIAMETER EQUATION 11 HEIGHT DIAMETER EQUATIONS 10 & 11

T T T T - T T
50 e ARLIIILILLEELLLE: ZRTTIIITPELREH Lovmsreniinnnin Freseessosanoanes S SRLILITEERRICLE - sa e SRR LRI LT IOTTTOPPPEY SEEDPIURPOPERRID: freceessesenenios Fesrecresacnansnd E._{
o : : : : DA - : T
s 4 - : <4
L 1 L : : 4
. ; L : ]
40 R AU SPPPPPPUIPP Jroenennenanieisnioseressanansennis e 49 .., ................................................. . ................ Froseramonninaani -
S < . :
9 h i : ] EQ 10 l
[ : : ; : : 7 . 7 1
- s : : 5 i & s
30 ...) ................ ................ , ................ . ................ , ................ © - 30 .. PRI . .................................. -
] [ : EQ 11 )
: : : : : 0 : : :
2 R reseesscnnenes -_‘ 20 -t '..r,, ................ e
-4 - - .
< L 4
1 25 4
‘ : ? | - : : é P
-.. ................ ..._ 19 L-: —~»- ................ ~m_
: : : : P o : : : : P
-+ - . .
o T T — ;-.; .................................................................................. -
L 1 1 1 1 e A 1 . ! 1 J 1

- 30 60 =1 120 160 °] 30 6o =1 120 150
Dbh (em) X-AXIS us HEIGHT (m) Y-AXIS Dbh (cm) X~-AXIS us HEIGHT (m) Y-AXIS

Figure 2.2. Scatterplots of height-diameter data for beech, sycamore, ash and birch (B. pendula
and B. pubescens combined). Fitted curves 2, 6, 10, and 11 are shown. The same scales
are used to aid comparison.
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oak grown in closer spaced "high forest’ conditions shows a maximum height at 191 cm
diameter, whilst the curve for wider spaced ’standards’ reaches its maximum at 88.5 cm
diameter. Therefore, unlike the parabolic equations 1 and 2, the property of reaching a maximum
value does not generally affect the suitability of equation 11. The exception to this is the oak
’standards’ data, this curve can only be used for the prediction of height up to the diameter at
which maximum height occurs (88.5 cm), it is therefore recommended that a curve that does not
reach a maximum, within the normal range for diameter, (equation 10) is applied.

Table 2.5. Full regression equations with their residual standard errors for "high forest’ oak,
’standards’ oak, beech, ash, birch and sycamore.

No  Full Regression Equations. S.E.

’high forest’ oak

11 Log(H-130)= 2.0249 1.274LogD - 0.2792(LogD)? I 0.059
10 Log(H-130) = 2.4897 + 0.5287LogD 0.071
oak ’standards’

10 Log(H-130) = 2.3445 + 0.4785LogD 0.083
11* Log(H-130)= 1.81 + 1.40LogD - 0.35956(LogD)? 0.070
beech

11 Log(H-130)= 2.558 + 0.37LogD - 0.05867(LogD)> 0.065
10 Log(H-130) = 2.345 + 0.582LogD 0.072
ash

11 Log(H-130)= 1.865 + 1.436LogD - 0.33475(LogD)? 0.084
10 Log(H-130) = 2.220 + 0.67899LogD 0.116
birch

11 Log(H-130)= 2.026 + 1.215LogD - 0.26976(LogD)? 0.081
sycamore

6 H =130 + 1229.74LogD 228.83

11  Log(H-130)= 2.219787 + 1.0774LogD - 0.2497(LogD)? 0.066

* This equation is suitable only for diameters < 88 cm.
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2.7.6 Application of height-diameter functions.

The regression analyses show that a variety of equations can be used adequately to describe
height-diameter relationships if the constraint of requiring good predictions of height for very

small diameters is removed. If this restriction is applied then the number of suitable curves is

limited.

The application of height-diameter equations to individual tree growth models requires curves
that produce reasonable estimates of height from diameter for all sizes, since competitive
interactions are considered for all sizes of tree. The biological principles used in the formulation
of such growth models suggest that height-diameter curves should conform to the theoretical
condition of possessing a zero diameter at a height of 130 centimetres. This further limits the
number of suitable equations. The recommended full regression equations for each species are
presented in Table 2.5. Equations 10 or 11 are suitable for "high forest’ oak, oak ’standards’,
beech and ash, whilst for sycamore both equations 6 and 11 are applicable. Equation 11 should

be used for birch.

Furthermore the methodology for the determination of species-specific height-diameter equations
used in much of the published literature (Botkin et al. op. cit, Aber and Melillo 1982) is not
recommended. The overwhelming majority of such growth models use equation 2, with
coefficients determined by the physical dimensions of single ’record’ trees. This is
unsatisfactory for a number of reasons; firstly, data from the U.K. for such trees that have
developed within a forest stand are largely unavailable, and secondly, equations based on
’record’ trees do not include any consideration of the variability of height-diameter relationships
in their formulation and, thirdly, use a sample of a single observation to represent an entire

species.
2.8 Validity of a single expression for height and diameter.

It is common practice in the U.S. to use one height-diameter relationship for a species on a
particular site and under particular management as part of the site class evaluation and

construction of yield tables. Utilization of a gap model requires the definition of a single height-
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diameter relationship for a species, and using data collected from many woodlands provides one
method of generating reasonable estimates of height from diameter for a wide variety of sites. If

greater precision or site specificity in height estimation for a site is required then similar studies,

on a smaller scale could be undertaken.
2.9 Construction of a modified growth equations.

The growth equations that make use of the different height-diameter equations can be
constructed in a similar manner to that shown for the original parabolic form (section 2.3.). Thus,
if the height-diameter equation number 6 shown in Table 2.5. is substituted into the general form

of the growth equation we have;

dD’*H)=GD" ( 1-D.H
dt Dm.Hm

Substituting H = 130 + bLogD as Hf(D)

d(D?HfD)) =G.D*| 1-D.(130 + bLogD)
dt

D _H
m” m

d(D*Hf(D)) = 2D.Hf (D) + D*H’f(D)
dD

HfD)= b
DLn10

d(D2Hf(D)) = 2D.(130 + bLogD) + bD?

dD DLn10
/

dD G.D" 1-D.(130 + bLogD)

a D_H_
\ )
(260D + 2DbLogD + bD)

Lnl0



Therefore;

( A
dD G.D"!| 1-D.(130 + bLogD)

—

dt D H
m" ‘m

\ )

(260 + 2bLogD + .4343b)

A similar function can be derived by the substitution of equation 10

d(D?*H) = G.D" 1-DH
dt Dm.Hm

Substituting Log(H - 130) = a + bLogD as Hf(D)
d(D>Hf(D)) =GD" | 1-D.Hf(D)
— D .H
dt

d(D?.Hf(D)) = 2D.Hf(D) + D*.H’f(D)
dD

rewriting Log(H - 130) = a + bLogD as;

H =130 + 10°.D°

and differentiating
H’f(D) = 10°.bD"!

therefore;
d(D*Hf(D)) = 2D.(130 + 10°.D") + 10°bD™!
dD

and

dD =GD" [1 -D.(130 + 10*.D") ]
dt

D_H_

260D + 10°.D"*!(2 + b)

dD =G.D"! (1 - D.(130 + 10>.D") }
dt

D _H
m”m

260 + 10°.D°(2 + b)
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A growth equation can be derived from a similar method by the use of equation 11. Full
working is shown due to the more complex nature of this equation.

dt D _H

m

dD*H)=GD"| 1-DH

Substituting Log(H - 130) = a + bLogD + c(LogD)? as Hf (D)

d(D2Hf[D)) = G.D"| 1-D.Hf(D)
dt Dm.Hm

re-writing
Log(H - 130) = a + bLogD + c(LogD)?
as

H = 130 + 10°.10®L<8D), 1 gLogD LogD)

= 130 + 10°.D®*<LoeD)

and writing; H = 130 + 102.D®*L2¢D) a5 Hf(D)

d(D>Hf(D)) = 2D.Hf(D) + D*H’f(D)
dD

generally;
d(af® = g efoLm)
dD
= Lnx.f*(x).af®
consequently;
H’f(D) = Ln10(b+cLogD).(130 + 102.D®+cLogD))
DLn10
and

d(D2.Hf(D)) = 260D + 2.10*.D**'*L%P+(b + cLogD).(10* D**'*<¢P)
dD

= 260D + 102.D®++LogD) (3 + b + cLogD)
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Finally, the resulting growth function can be expressed;

,
dD GD"'|1- D.HfD)

dt D_H_
\

(260 +102.D®+LogD)y (2 + b + cLogD)

Where; n represents the exponent of the diameter to leaf weight relationship, D is the tree
diameter and all other parameters are species specific derived from regression analysis as

previously described.
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CHAPTER 3. Increment patterns and modified growth equations.

This chapter describes investigations into growth trends in the broadleaved species oak, ash,
beech, birch, and sycamore. The purpose is to use field data that represents the growth trends of
the species in order to calibrate the growth equations developed in Chapter 2. Reliable estimates

of individual tree growth may then be derived from the use of the resulting growth equations.

For the purpose of clarity, all reference to ’growth functions’ or ’growth equations’ should be
taken to mean growth equations used in published gap-models (section 2.3), or the modified

versions developed in Chapter 2.
3.1 The growth constant °G’.

The purpose of the growth constant ’G’ is to establish the maximum rate of growth for an
individual tree, in optimum growing conditions, through its influence on the values produced by
the growth function. Noble (1988 pers. comm.) states that the G’ parameter is one of the most
sensitive in gap-models that use this growth function. If this is the case, then good estimates are

a prerequisite for the meaningful prediction of relative growth rates of tree species.

The growth rate constant G’ used in gap-models has repeatedly been determined arbitrarily.
The basis for the values used was the crude observation that a tree reaches 2/3 of its maximum
size at 1/2 its maximum age. Botkin et al. (1972), Aber and Melillo (1978), Shugart and West
(1977), Mielke (1978), Tharp et al. (1978), Shugart et al. (1981) all make this assumption.
Only Doyle (1981) refers to individual tree growth data for the scaling of growth, in a model for

tropical moist forest in Puerto Rico.

Thus, the growth rate constant is based on estimates of the maximum age of species and on the
dimensions of one single 'record’ tree that is assumed to be representative of its species.
Estimation of the G’ parameter in this manner is not possible (or desirable) in the U.K. since
few, if any, trees have been reported of record size and age that have grown in a closed forest
environment. In addition some species do not conform to the pattern of growth assumed by

Botkin et al. (op. cit.). They realised this weakness and noted that such estimation was
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"particularly inaccurate for very short-lived species and long-lived shade tolerant species such as
beech (Fagus grandifolia)" and also that "Probably a much better way of determining a value of
’G’ for a species lies in demanding that the maximum possible annual diameter increment given
by the growth equation be equal to some value dD__ which could be determined from field

observations".
3.2 Calibration of growth rates: stand versus individual tree data.

Shugart (1984) made use of stand growth data, by matching 'mean tree’ diameter-age curves
from stand growth against different values for G’ and selecting the value that gives the best
visual fit to the plotted data. However, since the growth equation represents the maximum
growth rate for a species, calibration from mean tree’ dimensions collected from stands is
theoretically inappropriate unless tree spacings are assumed to be of sufficient magnitude to

ignore any growth reduction due competitive interactions.

Certainly, increment data collected from stands and expressed per unit area are not suitable for
use in the calibration of the growth rate parameter G’ which applies to individual trees. It is not
possible to match predictions from growth equations of annual increment and basal area curves
for individual trees to curves for stands of trees. The shape of the curves should be similar but
the timing of individual tree maximum basal area increment occurs much later than that for the
stand as a whole. Assmann (1970) states; "The decline of the [stand] mean annual increment is
particularly noteworthy because it begins at a considerably earlier age than in the individual trees
which constitute the stand". The reason for this difference is linked to the decrease in the
number of individuals and the resultant increase in the growing space available to each tree.
Mean annual increment (MAI) is conventionally expressed in terms of average volume
production per unit area per year, whilst the consideration of the mean annual increment of an
individual tree does not include the relationship to area. In addition, individual tree basal area
increment always reaches a maximum considerably later than diameter increment. Even when

of
the rate diameter increment is decreasing, a narrow annual ring added to a large diameter often

gives a large basal area increment (Figure 3.1).
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Ideally, maximum growth rates should take account of maximum volume increment, which
occurs very late in the growth of an individual. However this is difficult to establish by direct
measurement for an acceptable sample of trees over time. Estimates of G’ for each species
should, therefore, be matched to diameter and basal area increment data, not produced from an

arbitrary assumption.
3.3 Method for the calibration of growth rates.

The method of calibration of the growth rate parameter G’ was based on increment cores taken
from widely-spaced trees on fertile sites. The justification for this is based on theoretical and
practical criteria. The assumption regarding selection of widely-spaced individuals is that the
intensity of competitive interactions is low in comparison to trees developing in a stand, and as
such, will more likely represent the maximum growth rate possible for the species. Assmann
(op. cit.) commented; "The available growing space has an important influence on the diameter
and basal area increment of individual trees", "basal area increment also increases with
increasing growing space until the maximum utilisable space is reached.” This implies that
maximum rates of diameter and basal area increment should be assessed from widely-spaced
trees, because the space available is not likely to limit growth. The selection of fertile sites for
each species assists in the estimation of maximum growth rates. Dendrochronological
techniques use trees growing on marginal sites because normal tree growth patterns are small in
comparison to the effect of climatic variation (Fritts 1976). It is reasonable to assert that the
converse is also true, trees growing on fertile sites with a minimum of competitive interaction
will show a stronger growth pattern, and the effects of climatic variation will be shown to a

lesser degree.

The value of the parameter G’ was determined for each species by fitting curves to field
measurements taken from individual trees. Sample trees were selected on the
basis of their position (proximity to other trees), the soil quality (usually good agricultural land),
and the form of the crown. Large trees were selected, but those with a great depth of crown and
characteristics of open-grown form were avoided, in preference to trees displaying characteristics

more often associated with “high forest’ trees. The selection of trees in this manner represented
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Figure 3.1. Basal area increment and radial increment curves versus cambial age at breast height,
for core data from ash and oak (Q. robur and Q. petraea combined).
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an attempt to avoid sampling of diameter increment at breast height in trees that are known to
allocate biomass to the base of the trunk at a different rate to trees grown in "high forest’

conditions (Assmann op. cit., Jobling and Pearce 1977).

Cores were taken at breast height with a Smm Pressler borer, allowed to dry, polished on a fine
grade belt sander, mounted on plywood blocks, and then analysed under the microscope with an
electronic incremental digitiser linked to a sliding stand. This gave measurements accurate to the
nearest 2 micrometres. Readings were taken of ring widths from the pith outwards with ring
measurements from off-centre cores being corrected following the method of Liu (1986). Since
large trees were selected from areas where past management and stocking were unknown, any
evidence of suppression of growth shown by the ring increment pattern resulted in rejection from
the analyses. The number of cores used in the study were; ash 13, oak (Q. robur and Q. petraea

combined) 22, beech 8, sycamore 10, and birch ( B. pendula and B. pubescens combined) 10.

Recorded values of diameter increments for individuals of a species were smoothed to minimise
the effects of annual climatic variations on ring widths by the use of running five year averages.
The smoothed data for each individual were used to produce average diameter, and basal area
increment curves for each species. Where cores failed to reach the pith an estimate of the
number of rings missing was used in order to match rings of the same cambial age for the
generation of the mean curves. The mean curves were later used in the initial matching of
growth curves to increment core data. Predicted annual basal area and diameter increment
curves from the growth equations derived for each species were matched empirically, as closely
as possible to this individual tree growth data taken from field measurements. However, the raw

increment data from cores were later used in the nonlinear regression analysis (section 3.3.2).
3.3.1 Patterns of growth from core data.

Maximum diameter increment occurs very early and then decreases (Figure 3.1). Thisisa
common feature of increment data and Fritts (op. cit.), Eckstein (1972), Fletcher (1986), and
Warren (1980) all use a negative exponential to approximate this trend and correct ring width

data for dendrochronological analysis. The pattern conforms well with the ring increment data



CHAPTER 3
PAGE 76

from the sample cores (Figure 3.1). Plots of basal area increment against cambial age (at breast
height) for oak and ash show trends that are typical for all the species considered. It can be
seen that the maximum basal area increment occurs, as expected, much later than maximum
diameter increment represented in the plots of radial increment versus cambial age. The
maximum mean basal area increment for individual oak trees occurs at approximately 150 years,
whilst figures for Yield Class 8 stands of oak taken from Forestry Commission management
tables (Hamilton and Christie 1971) show the corresponding maximum to be at approximately 30
years. Similarly for ash the maximum mean basal area increment for individual trees is at about
120 years and the equivalent timing for Yield Class 10 ash, from tables, is approximately 25

years. This confirms the validity of using individual tree increment data discussed in section 3.2.

3.3.1 The effect of ’G’ on the growth function.

Curves for basal area increment derived from the new growth equations (Chapter 2) were
produced for each species. Empirical visual matching of the growth function to curves derived
from the core sample data was attempted. The intention in the first instance, was to match the
growth curve to the field data by alteration of the parameter G’ alone. This was attempted for
each species. The results of alteration of G’ are shown in Figure 3.2. for ash, but they are
typical of the behaviour of the function for all the other species considered, including the oak
’standards’. The value of leaf area exponent used in the initial attempts at calibration was 2

(Figure 3.2). This is the value assumed in published gap-model growth equations (section 3.3.3).

Reducing the value of G’ decreases the magnitude of the maximum basal area increment and
lengthens the cambial age (at breast height) at which this maximum occurs. Conversely
increasing "G’ has the opposite effect of amplifying maximum basal area increment and reducing

the corresponding cambial age of the maximum.

It is evident from Figure 3.2 that it is not possible to achieve a good match between observed
growth data and projected growth from the equation by manipulation of "G’ alone. It is possible
to match the magnitude of basal area increment, but the corresponding timing will be

unsatisfactory. Alternatively, if the timing of the maximum basal area is matched then its

magnitude is too great.
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growth equation. Each plot represents an attempt to obtain a good visual fit by variation
f area exponent of two (assumed in published literature)

of the G’ parameter alone. A lea

Figure 3.2. Basal area increment curves for ash from core data and predicted values from the new
was used.
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3.3.3 The exponent of the diameter-leaf weight relationship.

It has already been noted in section 1.8.3 that a fundamental premise within the growth function
is the biological relationship between growth and leaf area. This is included in the function by

relating leaf area to diameter. The form of this relationship being;
Leaf weight = C.D"

Leaf weight is assumed to be proportional to leaf area. C, is a species specific constant and D is

the diameter of the tree.

Botkin et al. (1972) used this relationship and stated; "The exponent used in the leaf weight to
stem diameter relationship [n] has the effect of steepening the [growth] curve for intermediate
aged trees. The exponent could be as small as one or as large as three without drastically
altering the overall shape of the final growth curve.”, Sollins ez al. (1973) use an exponent of

2.939, whilst a value of 2 is assumed in the original published versions of the growth equation.

No attempt has been made to establish this relationship from field measurement. It has instead
been used as a means of empirically adjusting the form of the growth curves to conform with the

patterns evident from the analysis of the increment core data.

The exponent used for the relationship between diameter and leaf weight affects the timing and
the magnitude of the diameter and basal area increment curves. Increasing the value of the
exponent greatly increases the maximum value for diameter increment and reduces the time
taken to reach maximum basal area increment. Since there is no biological rationale for limiting
the exponent to a constant value for all species, curves were fitted to field data by alteration of
the G’ parameter in conjunction with the exponent of the diameter-leaf area relationship. A
range of values were tested and the most satisfactory results were produced with values for the
leaf area exponent between 0.9 and 1.5. The resulting growth curves produced a good visual fit

to the measured data.
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3.4 Parameter estimation of G and the leaf area exponent from non-linear regression.

Since the growth equation cannot be made linear by transformation (intrinsically non-linear), an
iterative non-linear regression procedure is required for parameter estimation. The results from
non-linear regression can be influenced by the starting parameters and, unlike linear regression,
may not necessarily provide a unique best, unbiased, solution for a given set of variables
Payandeh (1983). Therefore empirical estimates for G’ and the leaf area exponent (from visual
fitting) were used as the starting parameters in nonlinear regressions of diameter versus diameter
increment using the increment core data. These variables were used since diameter is the basis
for the prediction of diameter increment in the growth equation. All of the analyses were
performed by the non-linear regression computer program included in STATGRAPHICS
version 2.6 which makes use of Marquardt’s compromise: a compromise between using a
straight linearisation method and the method of steepest descent. It appears to combine the best
features of both while avoiding their most serious limitations and is discussed by Draper and
Smith (1966). Table 3.1. shows the detail of the estimate for each species. Figures 3.3 and 3.4a.
show the raw core increment data and the curves of best fit.

Table 3.1. Results produced from non-linear regression analysis of growth curves and increment
core data. 'HF’ = high forest oak, ’S’ = oak standards.

Species Parameter Standard Source Sum of DF Mean F ratio
error squares Square

Oak '"HF G=1573.54 101.542 Regression 263.69 2 131.85 1931.36
n= 130356 0.019151 Residual 47.04 689 0.0682

Oak 'S’ G =824.167 53.4127 Regression 268.71 2 134.36 2202.73
n=129187 0.01898 Residual 42.03 689 0.0610

Ash G =2622.00 227.709 Regression  351.08 2 175.54 2621.17
n= 115321 0.02489 Residual 76.61 1144 0.0670

Beech G = 1342.000 225.589 Regression 65.586 2 32.793 569.24
n= 0.9100 0.0509 Residual 31.742 551 0.0576

Birch G =2977.578 199.795 Regression 579.76 2 289.87 1816.007
n= 133906 0.02450 Residual 54.591 342 0.1596

Sycamore G =2916.957 399.136 Regression 165.27 2 82.637 968.877

n= 120746 0.04147 Residual 18.081 212 0.08529
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Figure 3.3. Diameter increment curves from the new growth equations, fitted by nonlinear
regression software to the raw core data, for ash, oak (high forest’ and “standards’),
beech and sycamore.
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3.5 Recommended species specific growth equations

The growth equation resulting from the substitution of height-diameter equation 11 (sections
2.7.3-2.9) is suitable for oak ("high forest’), ash, beech, birch, and sycamore. Oak ’standards’
require a different growth function resulting from the substitution of equation 10. The values for
parameters from nonlinear regression and the coefficients resulting from the height diameter
studies (sections 2.7.3-2.9) are presented in Table 3.2. The growth function resulting from the

substitution of equation 11 is;

d0  GD'|1- D.Hf(D)

dt D H
m m

(260 +10*.D®*+LogD)) (2 + b + cLogD)

Table 3.2. parameters and coefficients for the growth equation used for oak (Chigh forest’) ash,
beech, birch, and sycamore.

Species G n a b C D _xH_
oak Chigh forest’) 1574 1.3 2.025 1.274 -0.2792 598751
ash 2622 1.15 1.865 1.436 -0.3348 355000
beech 1342 0.91 2.558 0.37 -0.0586 532500
birch 2978 1.339 2.026 1.215 -0.2698 132000
sycamore 2916 1.207 2.220 1.077 -0.2497 364203

* oak (’standards’) 824 1.207 2.345 1.274 ----- 390000

* For oak developing in stands of wider spaced ’standards’, the growth equation to which the

coefficients apply is;

dt

dD =G.D"! (1-D.(130+ 10°.D®
D_H_

260 + 10°.D°(2 + b)
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3.6 Comparison of published growth equations and new’ growth equations.

The methodology for producing the growth equations used in published work (eg Botkin et al.
op. cit., Aber and Melillo op. cit.), highlighted in sections 2.3. and 3.1, was adopted in order to
provide a basis for comparison with the ‘new’ equations (Chapter 2). There are two possible
procedures resulting from the use of the original methodology which require 'record’ trees.
Firstly, the largest trees taken from field measurements (described in Chapter 2) could be used, to
approximate ’record’ trees or, secondly, the published 'record’ trees Mitchell and Hallett (1985)
can be used despite the fact that they are unlikely to represent trees developed in forest
conditions. For the sake of completeness the results using of these two interpretations of the
published methodology, as applied to U.K. conditions, will be compared to the new growth

equations.

Mitchell and Hallett (op. cit.) produce two estimates for a species, one for the tallest tree, and the
other for that of greatest diameter. Data from the tallest trees are adopted for use in the
comparative studies since these measurements are likely to represent trees that have form of

greater similarity to that expected of high forest development, than data from the trees of

greatest diameter.
3.6.1 The original method of deriving growth functions

In order to calculate the growth constant G’ using the assumptions in the published
methodology, an estimate for the maximum age of each species is required. This, in the absence
of any published information, can only be an educated guess based on a knowledge of the

biology of a species. Table 3.3. includes estimates of maximum age that were used.

The parameters for the parabolic height-diameter functions are set such that the maximum value

produced corresponds with the largest tree measurements from the expressions;

b, = (H

3 max

D? D

max max

-137) b, = 2.(H__-137)
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Table 3.3. The largest trees recorded in the studies of height-diameter relationships, and the
‘record’ trees taken from Mitchell and Hallett (op. cit.) showing diameter at breast
height (dbh) in centimetres and total height in metres.

Species Published ’record’ trees Field-measured trees Maximum
dbh height dbh height age (years)

Quercus robur 118 42 130 33* 300

Quercus petraea 148 43 -- -- 300

Fraxinus excelsior 48 41 81 35 200

Betula pendula 75 28 52 24 90

Betula pubescens 61 27 -- -- 90

Fagus sylvatica 171 44 125 43 300

Acer pseudoplatanus 115 40 67 23 120

* measurement from a combined data set for both species of oak, ¢ measurement
from a combined data set for both species of birch.

The parabolic height-diameter equation (H = 137 + b,D + b3D2) is then substituted into the
original growth function (shown in section 2.3) and the value of the growth rate constant is
determined. Botkin et al. (op. cit.) solve the growth equation in terms of G’ from the assumption
of a tree reaching 2/3 its maximum size at half of the maximum age, they also produce the

approximation;
DI = 02GD_/H_

where DI = maximum diameter increment for the species, set at 0.7 cm/year for beech (Fagus

grandifolia) and 1.0 cm/year for all other species. This can be rearranged to provide an estimate

of ’G’;
G= 5DI_H _/D_
For the purpose of the comparison beech (Fagus sylvatica) was assigned a maximum diameter

increment (DI) of 0.7 cm/year and all other species were assigned a maximum value of 1.0

cm/year for 'G’.
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Table 3.4. Parameters for the use in the original form of the growth equation, the data column
refers to the source of the species measurements, P = published data (Mitchell and
Hallett op. cit.) and F = data from fieldwork.

Species Data G b, b,

Quercus robur P 177.97 68.86 0.2918
Quercus petraea P 145.27 56.26 0.1900
Fraxinus excelsior P 427.08 165.13 1.7200
Betula pendula P 186.67 71.01 0.4734
Betula pubescens P 221.31 84.03 0.6888
Fagus sylvatica P 90.06 49.86 0.1458
Acer pseudoplatanus P 173.91 67.18 0.2921
Quercus combined F 126.92 48.66 0.1872
Fraxinus excelsior F 216.05 83.04 0.5126
Betula combined F 230.77 66.61 0.2664
Fagus sylvatica F 120.40 87.04 0.8369
Acer pseudoplatanus F 171.64 64.57 0.4818

The growth function parameters for the original equation are presented in Table 3.4, where they

correspond to the growth equation;

dD G.D 1- DH
dt

D_H_
)
274 + 3b,D - 4b,D?

The growth functions produced by using the different methodologies are presented in Figure 3.4b
for birch and 3.5. for , oak, ash, beech and sycamore. ’Published methods’ 1 and 2 refer to the
functions derived from the Mitchell and Hallett and the field measurement data respectively. It
can be seen, without recourse to rigorous statistical tests, that the published methodologies, based
on either data produce very different results to the new approach. As a means of comparison
Figure 3.5 for ash shows the average core data’the association of the new method growth curve
with the core data is similar for all the species considered. The new equations produce estimated
growth patterns that correspond well with those measured from the field data. The equations

produced from the alternative interpretations of the published methodology, do not.
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Figure 3.4a. Diameter increment curves from the new growth equation, fitted by nonlinear

regression software to the raw core data, for birch (B. pendula and B. pubescens
combined).
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Figure 3.4b. Basal area increment curves for birch produced by three versions of the published
methodology, and that produced by fitting to observed data.
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3.7 Summary of growth calibration studies.

It is therefore concluded that the simplest yet most reliable method of calibrating growth curves
for broadleaved species in the U.K. is by the use of diameter increment data collected from
widely-spaced trees tending towards high forest form. The equations produced in Chapter 2
provide reliable estimates for diameter increment, when calibrated against increment data from
field measurements. It is also clear that the resulting growth functions should be substituted for
the existing growth equations in gap-models that aim to describe the biomass dynamics of
broadleaved woodlands in the U.K. For species that have not been dealt with in this study, this

method of calibration should be used to derive similarly suitable growth equations.
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CHAPTER 4. Alteration of existing Gap-models for U.K. conditions.

This Chapter covers work aimed towards the incorporation of modified growth equations into
their intended context, namely within gap-models for mixed age polyspecific broadleaved
woodland development. The Chapter begins by summarising the adaptations made to the
selected original published versions of the models, and proceeds towards an appraisal of the
effect on the output of such models of installing the modified growth equations. The effect of
further modifications with the aim of improving the models is also investigated and discussed.
Finally the results generated from the model are compared to data available from field

measurements.
4.1 General principles for the modification of models.

It is tempting to include new, independently tested, relationships into existing models, and
automatically assume that the results are immediately superior to those previously produced.
This may not be justified and a critical appraisal of any alteration should be adopted (see
Foreword, parts v and vi of the systems analysis framework). Indeed, the results may not be
realistic both before and after a modification has been completed. A formal method of
assessment must, therefore, be implemented as part of the systems analysis framework. This

assessment should involve detailed validation and simple verification (section 4.2).

The most important aim for improving gap-models of forest development is, to attain a realistic
modelled interaction between the fundamental ecological processes of regeneration, growth and
mortality. If this is achieved then models of this type may be applied to the management of
mixed broadleaved woodlands and the response of such models to simulated management

interventions will be more likely to reflect reality.
4.2 Validation and verification in testing models.

The fundamental premise regarding validation of growth models is most aptly given by Vanclay
(1990) where he states; "Validation is something of a misnomer. An hypothesis or model can

never be proved correct; it can only be proved incorrect. However, the failure of a number of
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attempts to prove an hypothesis wrong gives more credence to the hypothesis.” This should be
the role of validation in growth modelling. Reynolds et al. (1981) reduce the process of
validation to three main stages. The first is to ensure that the individual functions that make up
the model are sound, for example the growth functions developed in Chapters 2 and 3. The
second involves checking the syntax of the model, and that its behaviour corresponds with that
expected or intended. The final stage is to compare the output of the model with the observed
behaviour of the forest under a variety of conditions. Verification involves detailed checking of
the output of a model, or components of it, to establish that a known ’starting point or value’
will produce a known result. The difference between verification and validation is that the
process of verification sets out to confirm what is already known and can’(r:produced (and

checked) by use of the model, whilst validation is a methodology for testing predictions where

the output cannot be checked with certainty.
4.2.1 The problem of circularity.

One of the problems inherent in the development of the models by workers at Merlewood was
the likelihood of circularity between data collection, verification, and validation. This was
largely because all the parameters required to produce and verify the components, and the data to
run the models, were collected from Meathop wood, which also provided the recurrent inventory

data against which the performance of the models were assessed.

One advantage of the modifications made in this study is that all the parameters regarding tree
growth, both in terms of diameter or basal area increment and in height development, were
produced independently of the site against which the modifications were tested. Verification and

validation are more useful techniques under these circumstances.

For most practical purposes, producing a growth model that behaves in a manner that conforms
with known phenomena in a forest ecosystem relies on numerous attempts to verify the output
of the model. Where there are differences between model predictions and what is known to
occur, the assumptions leading to the disparity may need reassessment and alteration, followed

by further attempts at verification. Finally, when the model withstands all attempts at disproving
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its validity via verification, then rigorous validation techniques should be used (section 4.12).

4.3 Models to be considered for modification

Chapter 1 discusses three gap-models in some detail; JABOWA, FORTNITE and FORET. Of
these only FORTNITE and FORET have been developed and adjusted, to some extent, for U.K.
conditions. They are the only examples of gap-models for broadleaved species that are in use in
this country to date. The intention was to compare output from one or more models to the data
available from recurrent inventory sample plots in Meathop Wood (Cumbria), part of an
International Biological Programme (IBP) research site. Meathop Wood contains the tree

species oak, ash, birch, sycamore and hazel (Corylus avellana).
4.4 Existing versions of gap-models for U.K. conditions.

FORET (Shugart and West 1977) and FORTNITE (Aber and Melillo 1982) have been altered
from their published forms. Both models have been developed to include data and certain
relationships relevant to U.K. conditions. Much of this work has been carried out at the Institute

of Terrestrial Ecology at Merlewood, by Harrison and Ineson (1987, 1988) and Sykes (1989).

All versions of both models are written in FORTRAN and have been compiled to run on a VAX
8600 computer. Both can be run for a set number of years for any number of simulations. Since
the model can produce stochastic events of mortality and regeneration, previous workers have

programed the model to produce results from repeated simulations.

Using a number of simulations of forest development produces results that would represent the
average inventory data of recording an equal number of permanent sample plots (measured

annually) in a non-uniform mixed age polyspecific woodland.

One alteration common to both models was the substitution of the random number generator for
a superior routine available from the NERC subroutine library. This modification alone limits
the use of the model to institutions with access to NERC computer facilities. However, this has

eliminated problems of inconsistent results, first noticed in FORTNITE.
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4.5 Priorities for gap-model development.

The order of priority for development of these models was established by the consideration of
three criteria. Firstly, the individual complexity of the model; the simplest should be modified
first. The second criterion is to select the model with greatest potential to yield results relevant
to management decisions whilst, thirdly, requiring the least amount of data. Using these criteria
and taking into account the criticisms already highlighted for FORTNITE, the model FORET

was the preferred choice for further development in the first instance.
4.6 FORET, modifications made by previous workers.

Two versions of FORET existed before the modified growth equations were incorporated into
the growth subroutine of the model. One version started the growth simulations from a bare
plot, ie a plot with no trees present. The alternative version started the simulations with the plot
in a state of development, in terms of species and diameter distributions, that corresponded to the

conditions in Meathop wood as they were in 1967.

Both versions assume a simulated plot size of 10 m x 10 m, rather than the theoretically more
acceptable 1/12 ha used in the original (section 1.7). This was because all data collected from
Meathop wood was based on 10 m x 10 m sample plots. The plot size assumed in the model is
related to the growth multiplier that is supposed to reflect density dependent effects (section
1.6.3.3). In fact, simulated biomass production is limited as it approaches the pre-defined site
maximum. The size of the site is defined in terms of the maximum biomass it can support. This
maximum is set to the value found from field measurements of above-ground biomass taken at
Meathop and nearby woodlands (Sykesllgg;(’:’,).

A choice of values for use in the climatic growth multiplier (section 1.6.3.2) was available: either
the measurements taken from meteorological data collected at Merlewood and Meathop wood, or
the original American value could be used. This value is also used in the regeneration

subroutine.

In addition, both versions of FORET use the parabolic height-diameter relationship derived from
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regression analysis of a very limited number of trees from Meathop wood. The values for the
growth rate constant ’G’ were set in accordance with the published methodology (examined in
section 3.6) and are unlikely to be representative of the actual patterns of growth. Relationships
between diameter and biomass were derived from field measurements for each species but, for
unknown reasons, were not included in the model. However, there is scope to include similar
relationships developed by Corbyn et al. (1988), that can predict the partitioning of biomass into

branchwood and stem wood.

Output from the model was modified at Merlewood by the inclusion of plotting routines for
actual and percentage biomass production over time. A plotting routine for the diameter
distributions was also added, this was intended to represent the diameter distribution, by species,
for selected years during the simulation. However, this suffered from an error that caused
summation of the diameter distribution in any one year for each simulated plot. Thus the
diameter frequency for any year became directly proportional to the number of simulations (plots

considered) in a predictive run of a model.

Figure 4.1 shows the simulated forest development in terms of biomass from the ’bare plot’

version of FORET, modified for U.K. conditions, but not including the new growth equations.
4.7 Initial modifications to FORET for the addition of the new growth equations.

The whole functioning of the model is largely dependent on values produced by the growth
subroutine. The inclusion of new growth equations and the assessment of the effect of growth

multipliers is an aspect of the model that requires thorough investigation.

All modified syntax is shown (emboldened) in Appendix 2 in the program listing. The
modifications were initially restricted to alteration of all parts of the model that make use of
height-diameter equations and the core of the biomass increment routine, the growth equation. It
was assumed that oak development in Meathop wood would follow that of high forest oak, and

therefore only one form of the equation was required. The inclusion of this growth equation and
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the height-diameter equations necessitates alterations both to the values and the structure of the
data file (PARAM_MEATHOP.DAT) required by all versions of the FORET program. The
modified values are shown in Table 4.1. To accommodate the inclusion of extra variables
required as a result of adding a new growth function, FORMAT statements and variables
declared COMMON were altered in the program. This has been completed for new ’bare plot’
and 1967 stand’ versions of FORET.

Table 4.1. Parameters used in the data file PARAM_MEATHOP.DAT for FORET. For a full
description of variables used in FORET see Appendix 1.

SPECIES DMAX DMIN B3 B2 Bl ITOL AGEMX G N-1 SPRTND SPRTMN SPRTMX SWITCH KTIME NUM DmHm
ASH 7375 1755 0.3348 1.436 1.865 1 200 2622 0.153 1 12 200 FFFFT 0 1 355000
BIRCH 6590 735 0,2698 1.215 2.026 2 90 2978 0.339 1 12 200 FTTFT 0 2 132000
HAZEL 6590 1251 0.2497 1.077 2.198 1 50 2870 0.300 3 1 200 TFFFT 0 3 132000
OAK 7375 1755 0.2792 1.274 2.025 1 300 1574 0.300 2 12 200 TFFFT 0 4 598751
SYCAMORE 7375 1755 0.2497 1.077 2.198 1 120 2916 0.207 2 12 200 FFFFT 0 5 364203

Hazel has not been considered in any of the studies presented in Chapters 2 and 3, but itis a
common species in the lower storey of Meathop Wood. Therefore, rather than excluding it from
the simulations, fairly arbitrary assumptions have been made regarding its rate and pattern of
growth. It is assumed, owing to a lack of any published data on diameter increment, that its rate
of growth is slightly slower than the values used for sycamore (ie a lower G’ but the same leaf
area exponent), and the maximum age of hazel is taken to be 50 years. These assumptions
should, ideally, be substituted by values of parameters derived from field studies determined in

the same manner as for the other species.

The error regarding the output of the diameter distributions was rectified but has highlighted
other problems within the model which are best demonstrated by the results produced from

simulation runs of FORET.
4.8 Simulations of forest development for Meathop wood.

A number of simulations were carried out using both modified ’bare plot’ and *1967 stand’

versions of the FORET model that include the new growth equations. Surprisingly, initial
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alteration of the growth equations had remarkably little effect on the overall predictions made by
the model. Figure 4.2 shows the output of the 1967 stand’ version of FORET: all parameters
except those relating to the growth function are identical to the simulation shown in Figure 4.1.
All model runs are based on 50 repeat simulations for a 1/12 ha plot, the output data are always

the mean of the number of simulations.
4.8.1 Assessing the output from the model.

The current modified version of the 1967 stand’ model produces two output files, A.DAT and

DBH.OUT these can be used to produce the biomass and diameter frequency distribution graphs.

The graphs showing the diameter frequency distributions are more readily interpreted since they
give more of an indication of the trends in the structure of the simulated forest. By examining
diameter frequency distributions over time an idea of the change in the structure can also be
determined, in terms of species, numbers of individuals, and their sizes. If parameters within the
model are altered then the resulting changes are more readily identified by examination of these
graphs. In contrast, biomass plots tell us nothing about the structure of the simulated forest, it is
entirely possible that identical biomass curves for each species could result from the sum of very

many small trees, rather than from an acceptably realistic diameter frequency distribution.

It should be stressed that the diameter distributions produced by published gap-models, both in
their original and modified forms, have often been unrealistic and perhaps this is why published
works present biomass curves only. Botkin et al. (1972) stated for the JABOWA model "the one
difference found between predictions of the model and reports of real forests concerns the
distribution of stems by size class". For the purposes of forest management it is the distribution
of the biomass in terms of stem size that is of critical importance. Therefore, if this type of

model is to be useful for investigating potential management scenarios, the problem must be

tackled.

In the development of FORET for U.K. conditions this problem was resolved by empirical
modification. Improvements in the interaction between the major modelled ecological processes

made extensive use of the diameter frequency distributions.
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4.9 Empirical alterations to the fundamental ecological processes.

The fundamental processes of regeneration, growth and mortality expressed within the model
were behaving in a manner that would not be expected in a real forest. This was revealed by
several investigative simulations of woodland development by altering a variety of parameters
within the model. The diameter distributions produced by the model presented in Figure 4.3

show that trees over a dbh of 25 cm are rarely, if ever, produced. This is clearly unrealistic.

One possible explanation is that the mortality function may be acting incorrectly, causing tree
death too early. This hypothesis was investigated by simulating forest growth with a reduced
likelihood of death for slow growing trees (1 per cent chance of surviving 10 years). Trees
previously exposed to a greater probability of dying if their increment fell below 1 mm per
annum were not subject to the higher mortality probability until their annual increment fell
below 0.01 mm. For trees growing at more 'normal’ rates the mortality was also reduced (50 per
cent chance of death before the maximum age). Even altering both of these fundamental
mortality functions simultaneously resulted in very little change in the frequency distribution of
tree diameters over time. Mortality per se was therefore unlikely be the causal factor in

producing an unrealistic diameter frequency distribution.
4.9.1 Investigating growth multipliers.

Another potential explanation for the abnormal diameter frequency distribution is linked to the
growth multipliers. These may act on the growth function to reduce the growth of each
individual to an unrealistically low level. Consequently trees may never reach a large size
because the effects of the simulated competitive and environmental interactions are grossly
exaggerated. To test this hypothesis, the model was temporarily altered to remove the effect of
the growth multipliers, by setting their value to 1 in the growth subroutine. This removed the

constraints of a limited biomass for a given site, and all other aspects of competitive interaction.

In effect, then, many parameters were simultaneously altered to test the general sensitivity of the

model to the growth multipliers. The resulting diameter frequency distribution was again
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unsatisfactory (Figure 4.4). As the stand develops trees progress through the diameter classes,
and there appears to be no limit to the number of large trees that a 1/12 ha plot can support. At
150 years there are 16 trees of over 60 cm dbh. However, the fact that all classes of diameter
were represented, demonstrated that the output of the model is highly dependent on the
behaviour of the growth function in association with the growth multipliers. It is therefore likely,
given that the growth function had been thoroughly tested already, that the growth multipliers

were responsible for the general inaccuracy in the diameter frequency distributions.

To investigate the specific importance of the multipliers, each was tested by removal of the
others. The development of the diameter frequency distributions over time could then be
examined and compared with the output from the simulation made in the absence of all growth

multipliers (Figure 4.4).

When the species specific temperature limits on growth multiplier was tested alone, it allowed a
slow increase in diameters but, on average, only one individual managed to attain a diameter of
50 cm in 200 years, and all smaller diameter classes were present at all times. This multiplier
limits the growth of all individuals of a species equally, and growth seems to be reduced to an
unrealistic level. In short, the temperature limits for tree growth make very little improvement to
the output of the model, in terms of the diameter frequency distribution (Figure 4.5). This
confirms the theoretical appraisal described in section 1.6.3.2 that this multiplier is only likely to

be useful where a species occurs towards the margins of its geographical distribution.

Next, the light competition multiplier was tested in isolation. The resulting diameter frequency
distribution (Figure 4.6) showed all classes of diameter developing over time. There is some
indication that as the larger diameters are reached on a plot, the development of smaller trees is
slowed. Species growth trends are not reduced to a level that trigger mortality (now reset to
initial values) in conditions of high competition, and cannot be considered to represent all

competitive interactions. However, this multiplier should be retained.

To test the biomass limiting/competition multiplier the light competition and temperature

multipliers were removed. The output is shown in Figure 4.7.
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The diameter distribution shows two main points. Firstly, the biomass limitation/competition
multiplier has a large effect on the diameter frequency distribution and is likely to limit the
growth of individual trees (compare Figure 4.3 and 4.7 where this multiplier is absent). This
growth reduction is of sufficient magnitude to expose the individuals to the higher mortality
probabilities, and also reduces the likelihood of individuals reaching the larger diameters because
diameter increments are small. Trees do not achieve diameters greater than 45 cm. Some
individuals would be expected to achieve this diameter after 150 years. Yield Class 6 oak has a
mean diameter of 59.3 cm, from management tables (Hamilton and Christie 1971) for

plantations, and the simulated plots often start with trees in the 40 cm dbh class.

Secondly, it is likely that this multiplier will mask the effects of other multipliers. It was stated in
section 1.6.3.3. that this multiplier acts to reduce growth of all individuals equally irrespective of
their size and it was suggested that, in reality, larger trees are better able to compete for a
limiting resource. The effect of other multipliers is to reduce growth still further, after the

biomass limiting/competition multiplier has acted.

The contention that the biomass limiting/competition multiplier might mask the effect of the
light multiplier was shown to be correct by examining the effect of a simulation using only these
multipliers. The species specific temperature limits multiplier was removed from the model.
The light competition and biomass limitation multipliers were included in their original forms.
This resulted in a return to a similar diameter distribution to that produced in the first simulations

(eg Figure 4.3), with trees over 25 cm dbh absent from the distribution, even after year 150.

This tendency to mask the effect of growth trends generated by the growth equation explains
why the initial substitution of the new growth equations into the model produced very little
alteration in the output of the model. Clearly, a new multiplier to encompass more realistic ideas

concerning competition is required.
4.9.2 A new multiplier for competitive interactions.

When the total biomass on the plot is low, competition for space and resources is also assumed

to be low. However, if total biomass on an area is high, it is assumed that the competition for
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space and other resources will also be high. Nevertheless, larger trees are likely to compete for
limited resources more effectively until the maximum site biomass is reached. Given these
assumptions, the new multiplier must reduce the growth rate of very small trees by a small
amount if competition (biomass on the plot) is low, and by a large amount if competition is
intense. Large trees should remain relatively unaffected irrespective of the level of competition.
Intermediate sized trees should be less affected than very small trees by higher intensities of
competition, but less able to compete than the very large trees. However, at low levels of
competition growth should hardly be reduced at all. Therefore, the new multiplier, S(BAR),

suggested for testing is;
S(BAR) =1 - (BAR/SOILQ).(1-((D.H)/(D_.H_)))

where; BAR = total biomass of the plot, SOILQ = the maximum biomass allowed per plot for the
forest type, D_ and H_ are species maximum height and diameter respectively, D = diameter of

the tree, and H = height of the tree.
A more generalised expression of this multiplier is useful to understand its properties.
MULTIPLIER = 1 - (COMPETITION INDEX x (1 - TREE SIZE INDEX))

Where a competition index of 1 = high competition, and a size index of 1 = a large tree (for the
species). A multiplier of 1 will not affect growth rates, but a lower one will reduce potential

growth as shown in Table 4.2.

Table 4.2. The values produced by the new individual tree growth multiplier for a range of
values for the tree size and competition level indices, shown in brackets.

Competition Index

Tree size index High (1) Medium (0.5) Low (0.1)
Large tree (1) 1.0 1.0 1.0
Intermediate tree (0.5) 0.5 0.75 0.95

Small tree (0.1) 0.1 0.55 0.91
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It should be noted that the biomass allowable on a simulated site is no longer directly limited by
the field measurement if this multiplier is applied. If the biomass on‘/saimulated plot is
approaching the maximum recorded for the real site, a large tree can still grow with little
hindrance by the growth multiplier (Figure 4.8). Under these circumstances it was hoped that the

patterns of growth described by the new growth equation in combination with the mortality

functions would tend to prevent large overestimations of total biomass.

When the multiplier was re-written in FORTRAN and substituted into the growth subroutine of
the model, the resulting diameter distribution showed a more realistic pattern. The multiplier
favours the larger trees in the competition for space and limiting resources. Figure 4.9 shows that
as larger trees develop a reduced number of smaller trees remain in the simulated plot, and that
once a large tree becomes established on a plot it will tend to retain its position of competitive

dominance.

The next simulation re-introduced the multiplier for light competition which favours the taller
trees over the shorter ones. This multiplier reinforces the advantage of an individual that
becomes dominant on a plot. The results in Figure 4.10 show that at 100 years two large ash are
dominating the 1/12 hectare plot, but that after 150 years a large oak has superseded the ash as
the dominant tree on the plot. Since these data represent the mean of 50 simulations (equivalent

to the mean data for 50 measured sample plots), it can be regarded as a general trend for the

woodland.

Figure 4.10 shows the starting plot values through to the stage of development at 150 years. The
published details for Meathop Wood (Reichle 1981) state that in 1967 there was an average
stocking density of 759 stems per hectare, whilst the 1967 data from the model indicates a
stocking density of approximately 1850 stems per 1/12 ha. There is therefore an error either in
the values supplied or in the way that the data is read into/out of the program. However, it is
interesting to note that after 150 years the model predicts 37 stems per 1/12 ha or 444 stems per
hectare (average from 50 simulations), and this indicates a tendency to stabilise at sensible
values. Further simulations, designed to test aspects of the program code, traced the error for the

initial diameter frequency to the same source as the first frequency distribution error. The year 0
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starting plot values were being accumulated for each simulation. It might, therefore, have been
expected that all the diameter frequency data for year 0 would be directly divisible by the
number of simulations. However, this is not the case because the input plot data for year O is
output from the model after the processes of regeneration, growth and mortality have acted.
Year O is incorrectly labelled by the model and should be year 1 because the output data is the
product of one year’s simulated development, all subsequent years should consequently be re-
labelled to(\‘:alue of n + 1. An additional inaccuracy that has yet to be rectified is that the

starting (field) data is still set for a simulated plot size of 1/100 hectare rather than 1/12 hectare.
4.9.3 The effect of growth multipliers on the biomass output.

The removal of the old biomass/limiting competition growth multiplier highlighted the
sensitivity of the model to any parameter involved in the growth equation. However, the effects
of this sensitivity were suppressed by the old multiplier. When all the growth multipliers were
removed there was no limit to the maximum biomass on a plot, and even with the re-introduction
of the light attenuation and new competition multipliers, estimations of plot biomass were still
not specifically confined and as such resulted in the production of biomass estimates well in
excess of the maximum recorded for Meathop Wood. This was due to the presence of large
trees, and the absence of a multiplier acting to slow their growth as the simulated plot biomass
exceeded the recorded site maximum. In addition biomass estimation, which is an exponential
function that increases with increasing diameter, may well over-estimate for the larger diameters.
The documentation that describes the biomass estimation function is not available and the limits
for its application remain unclear. It is evident that modelling of mortality requires modification
to provide better estimates of biomass, since the inaccuracy is caused primarily by a lack of

control over biomass production.
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4.9.4 Adjustment of mortality.

The main problem in constructing mortality functions, as with most other relationships within
mixed-age, mixed-species woodland, is the lack of suitable data. The absence of data dictated

arbitrary assumptions, based on a theoretical consideration of the likely effects of mortality.

This approach was adopted rather than taking the retrograde step of re-introducing the old
competition multiplier in addition to the new multiplier (in a role that could be described as a
biomass limiting multiplier). This would be a pointless exercise since the modelled tree growth
would be limited by the most severe multiplier, ie the effect of the new competition multiplier

would be masked by the old.

Since a large proportion of biomass would be accounted for by large trees (not particularly
disfavoured by the new competition multiplier), it is likely that big trees will experience the
stresses of site limitations via mortality rather than growth reduction. It was reasoned that in
reality as a site approaches the maximum biomass it can support, the competition will increase
dramatically. It is unlikely that all individuals will experience an equal reduction in their growth
rates as competition increases, rather that large trees will be at a relative disadvantage because
they have to support more living tissue, before being able to divert resources towards growth,

than smaller trees. The result must be mortality if the site biomass maximum is exceeded.

This is akin to adopting the findings on self-thinning of Reineke (1933) and Yoda er al. (1963),
but since these refer to even aged stands an empirical interpretation has been used. ’Self-
thinning’ is prompted by approaching the threshold of maximum biomass for a plot, and results
in mortality. There are several assumptions that are implicit in the alterations made, and they
concur with the studies by Hamilton (1990). Firstly, as biomass (or basal area) tends towards the
site maximum, mortality will remove a greater proportion of the gross stand biomass increment.
Secondly the higher rate of mortality that is known to apply to small trees is reinforced in the
model by the new competition multiplier in association with the threshold for minimum diameter
increment resulting in greater probabilities of mortality. Thirdly, if plot biomass is not

approaching the maximum, a constant mortality for well established trees should still apply.
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The threshold of diameter increment to trigger higher mortality required empirical matching to
site quality to produce realistic biomass predictions. Alterations to mortality test the amount of
biomass on a simulated plot against that allowable. If the ratio of the biomass present to that
allowable exceeds 0.9 and an individual is greater than 60 per cent of the maximum possible size
for the species then it is likely to be eliminated from the plot via exposure to high probabilities of

mortality.

When the diameter increment threshold for exposure to higher probabilities of mortality (TINC)
was varied between 0.01 mm per year and 2 mm per year, a value of 0.9 mm per year was found
to be most suitable. Figure 4.11 shows four simulations with varying values for TINC. It can be
seen that this variable can influence the biomass that is predicted. The value for TINC was
selected on the basis of predictions from single simulations, such that values for maximum plot
biomass transiently reach (or marginally exceed) the recorded value taken from Meathop Wood.
Total biomass for Meathop Wood is approximately 328 metric tonnes per hectare. Obviously,
the mean biomass predictions at any point in time will be lower than the transient maxima shown

in single simulations.
4.9.5 Measured growth trends at Meathop Wood.

An obvious, and very important, question is to ask how well the predictions from the model
compare with known measurements, and how realistic are the predictions of future forest
development. In order to establish this there has to be some definite basis for comparison.
Fortunately, recurrent inventory has taken place at Meathop Wood since 1967, and it is also
known that the wood was cut-over in 1939 with the occasional large tree left standing. The
wood is probably unique, as data for mixed deciduous, mixed-age woodland is exceptionally

rare. It is not by accident that this woodland has been chosen to assess the results from FORET.

Sykes (1989) presents a description of the wood in 1967 and 1988, summarising the
developmental changes that took place between these dates. The diameter frequency
distributions (section 4.10, Figures 4.13 and 4.14) show the structure of the woodland in 1967

and 1988. Oak, ash, and birch shown net losses in the number of stems, whilst the sycamore
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component almost doubled. Birch and sycamore showed opposite trends, birch produced
negligible regeneration and 52 per cent of the original trees died. Sycamore doubled its net
recruitment whilst only 24 per cent of the original trees died. The percentage of tree mortality

was the greatest for birch.
4.10 A comparison of measured and simulated growth trends.

The general trends of woodland development in terms of biomass seem to follow this general
pattern (Figure 4.12). Oak and ash predominate, and sycamore becomes more prevalent but not
at the expense of oak and ash. Birch rapidly dies out and hazel, not included in the data
presented by Sykes (op. cit), remains at a low levels of biomass at a fairly constant value. This
would seem to agree with the general trends observed in the wood. However, a far more
rigorous test is to compare the diameter frequency distributions (Figure 4.13). The starting point
for the model 1s assumed to be 1939 when there were a few trees on each 1/12 of a hectare but
the majority of the area is assumed to be cut-over. To simulate this the tree data for 1/100 ha
plots were used as the starting points for 1/12 ha plots. This is assumed to represent the stand as
it would have been in 1939. The model was modified to produce diameter frequency data for the

years corresponding to 1967 and 1988.

The results from this showed a good similarity between the actual data for 1967 and that
predicted from the model. However the estimates that correspond to the 1988 survey are less

representative of reality.

An alternative prediction was produced by running the ’bare plot’ version of the modified
FORET model. This assumes that no trees were present after the clear cut in 1939. The results
can be seen in Figure 4.14. In this simulation the prediction for 1988 is closer to reality than the
1967 estimate. For all but the smallest trees, the 1988 estimate is quite realistic. Perhaps the
inaccuracy for the 1967 prediction is to do with the presence of the occasional large tree that

remained on the site in 1939, altering the predicted early development as a consequence.

Common to both these predictions is the significant modelled recruitment between 1967 and

1988. The difference between predicted development and the reality is almost certainly
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connected with the assumptions regarding regeneration, which have remained largely unaltered

from the original published version of FORET.
4.10.1 Alteration of regeneration.

Regeneration in the FORET model can be described as the introduction of new trees to the plot.
The new trees have an average diameter of 1.27 cm dbh and cannot, strictly speaking, be the

result of the current years germination.

An attempt was made at altering the regeneration routine to produce a better representation of the
likely conditions at Meathop. The original FORET model included a subroutine that allows
’dead’ tree stumps (ie those eliminated by mortality) to sprout new shoots. This is apparently a
common form of natural regeneration for the southern Appalachian forests of the U.S.A.
However, apart from deliberate coppice management, it is assumed that this is less likely to be
the case for the U.K. The SPROUT subroutine was therefore eliminated from the model.
Although it affects many parameters in the model, the results from repeated simulations to

predict the development of Meathop Wood were hardly altered.

Regeneration of seedlings is controlled by a number of tests or *switches’ that check the
eligibility of each species to regenerate against defined climatic and site factors, but the net
number of seedlings is increased until the leaf area of the plot has reached a pre-defined level.
This level has remained unaltered, even when workers at Merlewood changed to a 1/100 ha plot
size. The way in which leaf area is used in regeneration requires further study, but preliminary
investigation, shows that it has very little effect. The rate of regeneration is largely determined
by the values produced by a random number generator. However an idea of maximum leaf area

for a site may be one way in which the rate of regeneration could better reflect reality.

There is some evidence to suggest that complex regeneration mechanisms may act when stands
are not artificially regenerated. For example there is a tendency for sycamore to regenerate
under ash, and vice versa , and there are other similar relationships (Watt 1925, Taylor and
Davies 1985). In short, the study and application of regeneration ecology will be very important

in the further development of gap-models.
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4.11 Single simulations versus multiple simulations.

It has become common in published literature from simulations using gap-models to present the
mean data from multiple simulations. Botkin et al. (1972) Shugart and West (1977) both use 100
repeat simulations, whilst Bormann and Likens (1979) recommend 200 repeat simulations. The
rationale for this has often been to provide ’general trends’ in the development of the simulated
forest. Gap-models aim to capture some of the stochastic qualities of forest development but

only over small areas of forest.

Multiple simulation of plots can be interpreted in two similar, but distinct, ways. Firstly, the
mean data can be regarded as the developmental trends for an area equal to the total size of area
modelled (plot size multiplied by the number of simulations), expressed in the output per unit
area of plot size or, secondly, as the mean fate for a small area from a number of possible
outcomes (different due to chance). The former interpretation is commonly assumed, but not
clarified, whilst the second is overlooked. If a model is to be effectively verified and validated
then this second interpretation is crucial. The stochastic behaviour of the model is more
effectively investigated by consideration of many single simulations. The problems of over-
estimation of biomass, errors in diameter frequency distributions, the adjustments made to
mortality, and the introduction and testing of growth multipliers were all dealt with by
consideration of single simulations in the first instance. It is only when the output from the
model appears to behave as one might expect for the plot size, that multiple simulations were

attempted. Trends from models such as these are only meaningful if each individual simulation

is reliable.

Perhaps a more logical approach, once the model has been satisfactorily verified, is not to decide
between single or multiple simulations, but to examine trends on the basis of the spatial scale
required. If the diameter frequency and biomass data are not divided by the number of
simulations, and merely summed, then the output could be interpreted as the trend for the area
defined by the product of plot size and number of simulations. This automatically takes account

of the changes that can be seen in the output when many simulations are used. One would expect
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that over a larger area the proportion of plots in an early stage of development due to the
formation of a gap would be low and that the general levels of biomass over the area fairly
constant (not widely fluctuating). Whereas, on a small scale the death of a single large tree
would be readily apparent in a plot of biomass for the area, ie biomass fluctuations would be
larger. Diameter frequency distributions would also be different depending upon the spatial
scale. If a small area of forest is surveyed, it would be unusual to find a complete range of
diameter classes, some would be expected to be absent or poorly represented. However, over
larger areas in woodland that has not suffered large scale exogenous disturbance, all diameter
classes would be expected and their frequency distribution may also be of a predictable shape.
These effects can also be reproduced by consideration of different numbers of simulations to
represent different spatial scales for output. This is possible because scale of the modelled

interactions is set to represent the ‘normal’ dynamics of a ’natural’ forest.

The objective of this work has been to strike a realistic balance between the modelled processes
of regeneration, growth and mortality. The examination of individual simulations has been of
particular value for this purpose. It should be noted that nature of disturbance to produce patches
within mixed deciduous woodland is not always of identical magnitude to the chosen plot size of
1/12 hectare. However, this plot area has been selected to be of sufficient size, (section 1.7) to
allow the scale of disturbance most often found in British woodland, and to match the maximum

size of the trees that may grow within it.
4.11.1 Discussion of results from single and multiple simulations.

The results of multiple simulations have already been presented in Figures 4.13 and 4.14. Figure
4.15a shows a typical single simulation diameter frequency distribution for years 1, 51, 101, and
151. The simulated woodland shows a progression from a plot with only a few trees at year 1
(section 4.8.2), which allows a spurt of regeneration as well as growth that is not restricted by
larger diameter classes. By year 101 the numbers have reduced and the spread of diameters is
greater, two ash stems and one oak have reached the largest diameter class, and at 151 years the
biomass is concentrated in three oaks all over 60 cm dbh with eight stems below 5 cm dbh. After

201 years (Figure 4.15b) one of the large oaks has died and there has been an increase in the
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number of small stems, the remaining two oaks have died by the year 251 and there has been
regeneration and growth in the smaller stems. A similar cyclical pattern can be seen in plots of
biomass by species for a single 1/12 ha plot (Figure 4.16). Clearly the model is reproducing the
known phenomena of gap-phase replacement, or dynamic change in species and biomass

composition over time.
4.12 Implications of errors in construction, and on predictions made by the model.

There are several broad categories of error that occur during the construction and use of complex

computer models.

Firstly, many computations involving components, statistical analyses or preliminary simulations
produce unbelievable results that defy a rational interpretation. They could, for example, be due
to errors in data collection, incorrect modelling assumptions, or spurious programming syntax.
Jeffers (1978) comments "[a] fact, not appreciated by many people not engaged in scientific
research, [is] that nine out of ten research computations are *wasted’ in the sense that the
computations are not used in the final results.” These *wasted’ computations, are essential in

gaining an understanding of the problem and its likely solution.

A second category of error is implicit in models that use ’general trends’ to represent reality. In
the construction of any dynamic ’ecosystem’ model, many relationships are described by
mathematical equations produced by statistical methods. For example, the variability shown in
a scatterplot of diameter against height, or a diameter increment curve is represented, for
convenience, by a single line. It is true that measures of dispersion of residuals about the ’least
squares’ lines can be estimated, but the magnitude of the possible errors must be considered in
the context of the ’sensitivity’ of the model. This is particularly important where a ’sensitive’

factor, such as a growth equation, is involved in many ’feedback’ relationships (Figure 4.17).

The new methodology for constructing growth equations was adopted in an attempt to reduce the

magnitude of errors in the predicted output.
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Figure 4.17. A flow diagram to represent the major 'feedback’ loops between the processes of
regeneration, growth, and mortality within the FORET model.



CHAPTER 4

PAGE 126
The likely effect of the variability in the height-diameter relationship is not compounded by its
use in the new growth equation, because this too has been fitted by regression. If the general
shape of the diameter increment curves is not greatly altered by different values for height-
diameter coefficients, then it is likely that the method of fitting the growth equation to diameter
increment data does not compound any inaccuracy produced by the use of height-diameter
equations. This is true since the variability in the height-diameter relationships between species
is most often greater than that within species, and similarly shaped diameter increment curves are
produced for all species. At least, in this new methodology, any inaccuracy resulting from the
use of a general growth “trend’ is limited to that inherent in the variability of the diameter

increment data.

The same cannot be said for the original published method of growth curve construction. It is
not possible to assess any variability in a species height-diameter relationship derived from
measurement of a single tree. Assuming that American trees show variability in height for a
given diameter, the assumptions concerning tree growth (via growth equations) will not tend to
reduce the effect of any difference between the assumed relationship and those found in

woodland to be simulated.

A third class of error results through the use of predicted estimates without any knowledge of the
assumptions on which the model output is based. This must be a very common source of error as
few people will bother to examine the detailed structure and components of a model when the
output seems ’reasonable’ and the model is very complex. This has already been seen, to a great
degree, during the course of this research. Many workers have built on the original JABOWA
model, whilst few have considered the validity of its fundamental components and assumptions.
Predictions resulting from such work should be regarded with extreme caution. For example, in
the current version of FORET for U.K. conditions, estimates of biomass are to be regarded with
suspicion, as it is likely that biomass of large individuals is being predicted from a relationship
that was derived for trees between an unspecified, but probably a fairly limited, range of
diameters. Flewelling and Pienaar (1981) state that; for growth and biomass functions where

estimates are based on multiplicative relationships, lognormal error distributions are produced.
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The predictions made by the individual tree models in this research do not present any estimates
for their variance. These would be useful for several purposes; (i) to gauge the reliability and
precision of the values for predicted variables, (ii) to calculate confidence intervals, and (iii) to

statistically test hypotheses when experiments are carried out on the models.

Gertner (1987) points out that for individual tree models with many component functions and
analytical calculations, the direct prediction of variances for simulation results is almost
impossible. This is due to the large numbers of interwoven functions, species specific parameter

estimates, feedback relationships, and the iterative structure of the models.

There have, however, been several proposed methods of producing variance estimates for
stochastic simulation models. For example, Gertner op. cit. suggest an error propagation method
that assumes that errors are random in the input variables. Gertner and Dzialowy (1984) present
a Monte Carlo method but this requires far greater computational power. Reynolds et al. (1981)
stress the importance of an independent data set in the consideration of errors in a validation
methodology, they suggest several statistical tests, both parametric and non-parametric, that may
be of use in establishing the levelsél?:curacy for model predictions. Reynolds and Chung (1986)
propose a regression methodology as an alternative to statistical testing. Errors from predictions

are estimated as a function of the input variables of the model. Paradoxically, this is an example

of a validation methodology for tree models that, itself, requires validation.

The models for U.K. conditions have yet to reach a stage of development where rigorous and
complex validation methodology for predictions is useful. All derivative”/é)f JABOWA that fail
to predict reliably something as fundamental as diameter frequency distributions will also benefit
from intensive verification. However, when the behaviour of the model has been rigorously
verified, these procedures should be considered. Intensive verification should take precedence
over complex validation of model predictions in the first instance. However, validation

P
procedures for com{)nents of models should be attempted wherever possible.
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4.13 Concluding remarks.

This Chapter has attempted to describe the development of a gap-model for U.K. woodland
conditions. Several general improvements have been made. Species growth has been calibrated
to diameter increment data and estimates for height prediction derived from analysis of ‘large
survey of trees. Competition has been represented by a new multiplier, with a consequent
improvement in the predicted diameter frequency distributions. The prediction of biomass for a

given quality of site has been modified such that it is controlled by measures of density

dependence and biomass increment, via mortality.

Finally, the improved versions of the model were tested against the known change in diameter
frequency distribution for Meathop Wood in Cumbria. The results from predicted simulations
were encouragingly similar. The difference between field measurement and the predicted output

appears to be associated with the assumptions regarding the regeneration of trees.

The theoretical implications of single and multiple simulations, and sources of error within, and

produced by, such models have been discussed.
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CHAPTER 5. Summary and recommendations for PART 1.

This Chapter highlights the most important aspects, and discuss the implications of the research
presented in Chapters 1 - 4. It concludes with recommendations for continued research activity in

this subject.
5.1 A brief rationale for the subjects of research.

Since the introduction of grant schemes to aid the planting of broadleaved species there has been
an increase in the rate of planting (Miller ez al. 1988a and b). In addition there is a large amount
of mixed broadleaved woodland in the U.K. that is neglected, or poorly managed, and produces
timber at a lower rate than would be possible under management. Incentives for planting on
agricultural land have been drastically increased under the Farm Woodland and Set-Aside
Schemes. However, little is known about the growth of broadleaves, especially in mixed stands

of uneven age.

There is a deficit in the understanding of the ecology of such woodland and an ever increasing

need to be able to provide answers to the problems of potential management.
5.2 Selection of a suitable approach for research activity.

There are no long-established trials for even or uneven-aged, mixed deciduous woodland
management in the U.K. Therefore, for the foreseeable future, some alternative method of study

other than recurrent observation has to be attempted.

The logical approach is to develop the use of computer models. A suitable model will
encompass the current state of knowledge and apply current ecological theories and hypotheses.
If a model can reproduce known phenomena observed in woodlands, then its potential to predict

the outcomes in unknown circumstances may be of use.

After consideration of the large number of published forest models available, and a discussion of
the current ideas and theories in forest ecology a suitable modelling approach was identified.

This approach describes forest development by simulating the growth and competitive
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interactions of each individual tree. Spatial relationships between trees are not specifically
defined, this is a simplification of reality, but eliminates the requirement for specific spatial tree
data to develop and test models. Spatial data are not available, and would restrict the application

of forest models that make use of it.

A modelling approach previously used to investigate succession for various forest types was

selected from the published literature. However, several major aspects of the existing models

both in terms of the theories adopted, the methodologies used, and the performance produced,

were found to be unsatisfactory. These can be summarised as;

1 The central core of the models, the growth equations, was based on arbitrary
assumptions concerning the pattern of growth of trees.

ii The rate of growth and the height-diameter relationship for an entire species was based
on the maximum recorded dimensions of a single tree.

iii The use of the existing published methodologies for calibrating the existing growth
equations produced unsatisfactory predictions when compared to the measured growth
patterns of trees in the U.K.

iv The theoretical treatment and expression of competitive interactions and geographical
species limits were inadequately expressed within the models.

\ Competition for light was also based on the unsatisfactorily derived height-diameter
relationships.

vi The output from selected models in terms of diameter frequency distributions were
unrealistic.

vii The plot size of the selected model required matching to the size of mature trees.

viii Tree mortality was not matched to site quality in a satisfactory manner.

5.3 Sequence of research, and the main findings.

The first and foremost objective was to obtain reliable growth equations to substitute into the
model. In order to achieve this, and improvements in the way competition for light is expressed,
data for establishing species specific height-diameter relationships were required. This involved

extensive fieldwork in many different woodlands.

Many regression analyses were performed, one for each of the candidate height-diameter

equations for each species was carried out on each set of data. The final work used combined
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sets of data for each species.
Generally, height-diameter equations of the form;

Log(H - 130) = a + bLogD + c(LogD?)
were found to be the most suitable for the species considered.

These studies showed that although there can be many possible heights for any given diameter of
a species, the trends are quite clear. Oak was found to be unusual in that there is marked
difference in the height-diameter relationship, which appears to depend on the conditions
prevailing, in terms of spacing, during its development. Therefore, oak was given two height
diameter curves that correspond to two broadly defined management treatments, "high forest’

and ’standards’ oak.

Once the most suitable height-diameter equations had been identified, new forms of the growth
function could be established by substitution. The resulting growth equations were calibrated by
the adoption of a new methodology. Growth curve predictions were empirically matched to
diameter increment data collected from widely spaced trees on fertile sites, thought to have
developed largely in the absence of competition. Two parameters were varied in order to
produce an acceptable fit to the observed data, these were the growth rate constant G’ and the
exponent of the diameter to leaf area relationship. The new growth equations were further
matched to the diameter increment data by using the empirically derived values for these

parameters as starting values in nonlinear regression analysis.

The results of this method of deriving growth equations was then compared to the published
methodology. The two approaches showed a marked difference between basal area increment
predictions for all the species considered. The published methodology did not produce
predictions that corresponded to the patterns shown from field measurement. Itis strongly
recommended that the new methodology be adopted for calibration of growth equations in gap-
models for any environment where diameter increment data are readily available (this may not be

the case in the tropics).
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The next logical step was to make use of the growth equations by substituting them into existing
gap-models that had, to some extent, been modified for U.K. conditions. The performance of the
modified models was assessed and aspects for further improvement were identified by making
many investigative simulations. The underlying philosophy of improving the results produced
by the model involved alteration of the expressions for regeneration, growth and mortality. This
involved changes to many parameters, often simultaneously, producing three major

improvements.

Firstly, the modelled growth was successfully improved by altering growth equations and growth
multipliers. This involved the production of a new multiplier to express competition for space
and limiting resources. The resulting diameter frequency distribution produced by the model

became far more realistic.

Secondly, the modelled plot size was altered from 1/100 ha to 1/12 ha, this was necessary to

allow large trees to approach their maximum size if they retain competitive dominance.

Thirdly, the magnitude of biomass predictions made by the model was altered so that site
limitations were manifested via mortality to individuals, rather than a global reduction of growth

rate.

There are two main limitations that have been experienced in this research that, at present,
restrict the further development of these models. These are a lack of understanding of the
ecology of regeneration and, most importantly, a lack of recurrent data from suitable sites against

which the predictions made by the model can be tested further.
3.4 Suggested topics for further research.

Advances have been made, but more research, development and testing are required before the
model can be used reliably for the prediction of management scenarios. However, this
objective, although not fulfilled in this research, could be realised in the near future. The

approach adopted in this thesis has the potential to achieve this aim.
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Several aspects of ecology and modelling will require investigation;

(4 : - .

i The study regeneration has already been highlighted as one of the basic areas of
research that requires greater understanding.

ii Developing the model to include representations of management interventions, for
example, planting density for each species, thinning and felling at specified times or
diameters.

il Inclusion of individual tree volume and biomass partitioning functions Corbyn er al.
(1988). The distribution of biomass within a stand is of particular importance to forest
managers.

iv Testing model predictions against even-aged plantation data over normal rotation
lengths.

\Y Development of other gap-models such as FORTNITE to allow comparison of similar
modelling approaches.

vi Development of a growth modifier to represent annual climatic variation.

vii To link gap models that can predict the consequences of management interventions to
methods of financial appraisal.

Of these recommendations only viand vii require further discussion.

vi Growth trends have been represented by a single growth curve for each species fitted by

regression, clearly some years produce far more growth than represented by the curves, and some
years far less. This is often attributed to climatic variation, and it would be possible to include
this variation by devising a multiplier that corresponds to the maximum deviation (positive or
negative) for diameter increment. This could be represented in the form of a growth modifier that
would effectively add or subtract diameter increment to each individual. The use of this modifier
could be based on assumptions of stable climate by use of past meteorological data, or on the

possible influence of climate change, eg ’global warming’.

vii Finally, another ideal objective for resource managers would be to link the flexibility
offered by the modelling approach adopted in this study to a financial assessments. In this way
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